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Based on climate envelope models, boreal tree species may migrate to higher latitudes 
(approximately 10˚N toward the north) in response to rapid climate changes by the end of this 
century. Multiple factors will likely influence the success of the migration. However, the 
interactive impacts of these factors are poorly understood. The primary objective of this thesis 
was to investigate the interactive effect of soil moisture, photoperiod and [CO2] on the 
physiology, morphology, and phenology of trembling aspen (Populus tremuloides Michx.) in a 
context of northward migration. Seedlings were exposed to two [CO2] (AC: 400 vs. EC: 1000 
µmol mol-1), four photoperiod regimes corresponding to 48 (seed origin), 52, 55, and 58°N 
latitudes and two soil moisture regimes (high soil moisture (HSM) vs. low soil moisture (LSM)) 
for two growing seasons in environment-controlled greenhouses. I assessed the responses of a 
suite of morphological, physiological and phenological responses. I found that the longest 
photoperiod regime (corresponding to 58˚N) had the greatest height growth and total biomass at 
the first growing season, but cavitation resistance significantly decreases in photoperiod at higher 
latitude under EC. The results suggest that when migrating to higher latitudes, trembling aspen 
may grow faster but will become less resistant to drought and more prone to hydraulic failure 
during a drought spell. There were also significant interactive effects of photoperiod, [CO2] and 
soil moisture on the tree physiology. Both stomatal conductance (gs) and its reduction in 
response to LSM declined with increasing photoperiod, which can have significant implications 
for the impact of soil moisture on the tree northward migration. Surprisingly, LSM resulted in an 
upregulation of photosynthesis as indicated by increases in the maximum rate of Rubisco 
carboxylation and maximum rate of electron transport for RuBP regeneration, and the magnitude 
of the upregulation increased with increasing photoperiod. The photosynthetic upregulation was 
accompanied by an increase in biomass allocation to roots and a reduction in gs under LSM. 
LSM increased the instantaneous water-use efficiency (iWUE), and the increase was greater 
under EC. While LSM increased photosynthesis in both AC and EC in July, the increase was 
significant under EC in August. EC increased iWUE in both soil moisture treatments in July, but 
the increase was significant only under LSM in August. Furthermore, EC enhanced net 
photosynthetic rate (Pn) only under LSM but not HSM. I also found that the significant 




photoperiods at 55 and 58˚N latitude significantly delayed growth cessation, bud set and the 
development of cold hardiness in the fall, particularly under the EC treatment. Although the 
longest photoperiod resulted in the highest height growth, photoperiod did not have a significant 
impact on diameter growth or biomass in the second growing season. LSM also delayed 
phenological events in the fall, but EC delayed bud break in the spring. The significant 
interactive effects of photoperiod, [CO2] and soil moisture on phenology, cold hardiness, growth 
and the length of the growing season indicate the complex nature of latitudinal tree migration 
that has been predicated under the scenario of climate change. The results of this thesis should 
advance our understanding of how soil moisture, photoperiod and [CO2] may interact each other 
and influence the northward migration of trembling aspen and should also have implications for 
the potential responses of other boreal tree species, particularly deciduous species. The results of 
this thesis indicate the importance of understanding interactions of multiple factors in affecting 
the potential migration of tree species and suggest that [CO2], photoperiod, and soil moisture 
should be considered in assessing the potential northward migration of boreal trees in general or 
human-assisted migration as a response strategy to climate change. 
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1 Chapter 1: General introduction 
1.1 Background 
Since the Industrial Revolution, there has been a rapid rise in atmospheric CO2 concentrations 
([CO2]), which are predicted to reach approximately 1000 μmol mol-1 by 2100 (Keeling et al. 
1995, Pachauri, Allen, Barros, Broome, van Ypserle, et al. 2014), leading to increases in the 
annual mean temperature and changes in precipitation patterns (Pachauri, Allen, Barros, Broome, 
van Ypserle, et al. 2014). The projected future changes in air temperature and precipitation 
patterns (Pachauri, Allen, Barros, Broome, van Ypserle, et al. 2014) are expected to affect tree 
growth and their distribution. Based on atmosphere-ocean General Circulation Models (GCMs), 
the climate habitat of 130 major North American tree species was estimated by McKenney et al. 
(2007) and projected to shift 10 degrees toward the north by the end of the century, which is 
approximately 12000 meters per year of movement. However, the rate of climate change is faster 
than the capability of tree species migration (Pakeman, 2001). To fill the gap between the rate of 
climate change and the capability of tree species migration and to alleviate the impact of climate 
change, human-assisted migration to a suitable climate environment became considered as one of 
the options for the future (Pedlar et al. 2011, Ste-Marie et al. 2011). Either by natural or human-
assisted migration, moving toward the north, however, would expose tree species to many other 
environmental factors besides climate that affect tree performance, e.g., soil moisture 
conditions and photoperiod. These factors, coupled with elevated [CO2], may change tree 
performance by altering tree responses, including physiology, morphology, and phenology.  
Trembling aspen (Populus tremuloides Michx.) is the most abundant deciduous tree species in 




fiber, and has great cultural values for indigenous people (Burns et al. 1990, Peterson and 
Peterson 1992, Richardson et al. 2007). Trembling aspen provides habitat for wildlife, and is thus 
an important species for biodiversity (Burns et al. 1990, Perala 1990, Peterson and Peterson 
1992). It grows on many soil types, but is known to be extremely vulnerable to water stress 
(Peterson and Peterson 1992). In past decades, severe droughts coupled with other factors such 
as insects and pathogens resulted in large areas of decline and die-back of trembling aspen in 
west-central Canada (Hogg, Brandt, & Michaelian, 2008; Marchetti, Worrall, & Eager, 2011; 
Worrall et al., 2013). The increase in dieback and mortality of trembling aspen is particularly 
concerning since more frequent and intense drier soil condition, and thus lower water availability 
to plants have been predicted for many parts of the boreal forests (Lemprière et al. 2008, 
Pachauri, Allen, Barros, Broome, van Ypserle, et al. 2014). Further, during northward migration, 
trees will be exposed to different photoperiod regimes, which would have a great impact on 
photoperiod-sensitive tree species, including Populus species (Pauley and Perry 1954, Keskitalo 
et al. 2005). Notably, a shortening day-length triggers the initiation of autumnal phenological 
events (Pauley and Perry 1954, Keskitalo et al. 2005), which has an important role for cold 
acclimation toward the winter. Thus, understanding the effect of different photoperiod regimes 
due to northward migration of trembling aspen is important, especially when combined with 
other projected factors, including a higher [CO2] and drier soil condition.  
In the following sections, I will present a literature review of photosynthesis, phenology and 
plant responses to the effect of soil moisture, photoperiod, and elevated [CO2], and their 





Photosynthesis is a chemical process that takes place in chloroplast. The process of CO2 
incorporation into carbohydrate, also known as photosynthetic carbon reduction can be divided 
into three major processes which are carboxylation, reduction, and regeneration. In the 
carboxylation process, CO2 is fixed together with ribulose bisphosphate (RuBP) to give two 
molecules of a three-carbon compound (3-phosphoglyceric acid (3-PGA)) (Hopkins 1999). The 
reduction phase uses fuel (ATP and NADPH) produced by light reactions of photosynthesis to 
convert 3-PGA to triose phosphate (TPs). The light reactions of photosynthesis take place in the 
thylakoid membranes facilitated by the two photosystems (photosystem II and photosystem I) 
(Grossman et al. 1995). The two photosystems function in series manner: electrons derived from 
water by photosystem II, are transported by electron carriers called plastoquinone to a proton 
pump embedded in the membrane, and plastocyanin to photosystem I, which then high energy 
electrons are passed to ferredoxin coupled with NADP+ to yield NADPH (Zanetti and Curti 
1981). The electron transfer reactions also pump proton into the thylakoid lumen where it 
produces a proton motive force across the thylakoid membrane that powers adenosine 
triphosphate (ATP) production (Lambers et al. 2008). Both ATP and NADPH will be consumed 
in reduction phase in the Calvin cycle to convert 3-PGA to TPs. The regeneration phase, which 
uses ATP to convert part of the TPs reduced in the previous phase back into RuBP which enables 
the photosynthetic system uninterrupted fixation of CO2 (Hopkins 1999).  
1.1.2 Phenology 
Impact of climate change on phenology have attracted the considerable attention of many 




adaptive traits shaping tree species distribution in North America (Chuine 2010, Kuster et al. 
2014, Way and Montgomery 2015). The growing season of temperate and boreal deciduous trees 
can be defined as the time between bud break and autumnal leaf senescence. If early spring bud 
break/late autumn leaf senescence occurs, the growing season becomes longer, and if delayed 
bud break/ early leaf senescence occurs, the growing season becomes shortened. Maximizing the 
length of growing season may benefit the tree growth (Beuker 1994), but if trees fail to induce a 
proper timing of dormancy, it can cause severe frost damage in late spring/early autumn and lack 
of capacity for sufficient cold hardiness during winter (Murray et al. 1989). In most temperate 
and boreal plant species, dormancy is induced mainly by the increasing length of night in autumn 
and low temperatures (Weiser 1970, Jackson 2009, Fracheboud et al. 2009, Soolanayakanahally 
et al. 2013), resulting in onset of autumnal phenological events, such as growth cessation, 
formation of winter buds, and leaf senescence (Junttila 1980, Clapham et al. 2001, Ruttink et al. 
2007, Fracheboud et al. 2009). These phenological events are generally related to the adaption of 
the species to the local environment (Campbell and Sorensen 1973, Junttila 1982, Kozlowski and 
Pallardy 2002). Spring phenology such as bud break and leaf unfolding, on the other hand, is 
largely driven by a function of temperature in most temperate and boreal tree species. Chilling 
temperature in winter and short photoperiod delay bud break and prevent frost damage, whereas 
rising temperatures induce bud break (Campbell and Sugano 1979, Aitken and Hannerz 2001, 
Kozlowski and Pallardy 2002, Howe et al. 2003). Since plant phenological traits, especially in 
autumn, are genetically adapted to the local environment (Junttila and Nilsen 1993), when trees 
are grown under common garden experiment, many phenological traits show strong genetic 





1.1.3 Plant responses to low water availability  
Since almost every plant process is influenced directly or indirectly by water supply (Kramer and 
Boyer 1995), water availability is an essential environmental factor that influences tree species 
distribution in the boreal region (Stephenson 1990). Water availability to plants in most of the 
forested regions in Canada is expected to decline by 2100 (Lemprière et al. 2008), based on a 
climatic moisture index (mean annual precipitation minus potential evapotranspiration) (Hogg 
1997). Recently, the increase in tree dieback and mortality due to severe water stress has become 
a critical issue in some parts of North America (Michaelian et al. 2011, Peng et al. 2011, Chen et 
al. 2017). Under severe water stress conditions, the negative pressure in xylem increases and 
leads to cavitation, causing an embolism in the xylem conduits. The embolism in the xylem 
conduit restricts the water supply to leaves and other organs and eventually results in hydraulic 
failure (Tyree and Zimmermann 2002). Hydraulic failure due to xylem embolism is one of the 
major mechanisms of drought-induced tree mortality (Allen et al. 2010, McDowell 2011). Plants 
can undergo physiological and morphological acclimations to maintain xylem water potential 
above the threshold for hydraulic failure.  
Plant physiological acclimation responses to water stress have been well documented, including 
adjustments at the molecular, biochemical, and physiological levels (Passioura 1996). For 
short/medium term water deficit, reductions in transpiration rate (E) and stomatal conductance 
(gs), and biochemical impairment resulting in a net photosynthetic rate (Pn) reduction are 
observed (Chaves 1991, Passioura 1996, Flexas et al. 2006). However, recent studies indicate 
different responses in long-term water stress from those observed in short-term experiments 
(e.g., Rowland et al. 2015, Zhou et al. 2016). For instance, Zhou et al. (2016) reported the 




which suggests possible photosynthetic acclimation to long-term water stress. It has also been 
reported that plants or leaves developed entirely during a long-term water stress have increased 
nitrogen content and Rubisco concentration, which resulted in photosynthetic up-regulation 
through increased carboxylation capacity of Rubisco per unit leaf area (Panković et al. 1999, 
Kitao et al. 2003, Aranda et al. 2005, Kitaoka and Koike 2005). However, since leaf 
physiological traits are known to be highly plastic, when applied to northward migration, these 
acclimation responses can be modified by other environmental factors, such as higher [CO2] and 
longer photoperiod.  
Further, plants also adjust their morphology, including biomass allocation and xylem structure, 
under long-term water stress. Plants alter their morphology to avoid cavitation induction in their 
xylem (Sperry 2000). For instance, plants increase their root: shoot ratio to improve water 
absorption capacity (Kozlowski and Pallardy 2002, Klein et al. 2011). Plants under low water 
availability tend to have smaller and thicker leaves, and stomatal closure can contribute to 
minimizing water loss (Kozlowski 1968, Rigling et al. 2010). Increasing xylem resistance to 
cavitation can also help trees to survive severe water stress (Vilagrosa et al. 2012). In deciduous 
trees, cavitation resistance is inversely related to the total area of pits in the conduit, which 
increases with vessel diameter (Hacke and Sperry 2001, Tyree and Zimmermann 2002, Cai and 
Tyree 2010). Schreiber et al. (2015) found that the vessel diameter of trembling aspen is highly 
plastic to different environments and varied with summer water availability. Apart from water 
availability, there are other environmental factors which may affect xylem traits. For instance, 
elevated [CO2] enhance tree radial growth and increase vessel diameter in trembling aspen 
(Kostiainen et al. 2014), and longer photoperiods increase the diameter of xylem tracheid in 




safety (Fichot et al. 2010). For instance, under drought stress, trees reduce hydraulic conductance 
to minimize the risk of cavitation at the expense of lowering hydraulic efficiency, which 
negatively affects growth (Tyree and Zimmermann 2002).  
1.1.4 Plant response to photoperiod 
Photoperiod is widely considered to be one of the most important key environmental factors for 
boreal and northern temperate plant species regulating the seasonal changes in, physiology, 
growth, and phenology. During the period of active growth and winter dormancy, the sequence 
of physiological and phenological events are synchronized to photoperiod regimes (Weiser 1970, 
Junttila 1980, Jackson 2009). For instance, Busch et al. (2007) reported that short photoperiod 
inhibits CO2 assimilation in Pinus banksiana L, even under warm autumn temperatures. 
Additionally, Bauerle et al. (2012) reported that seasonal changes in photosynthetic capacity 
(Vcmax and the maximum rate of electron transport (Jmax) is under strong photoperiodic control 
rather than that of air temperature: though the temperature does not peak at the summer solstice, 
Vcmax  peaked immediately after the summer solstice and declined afterward. These studies 
revealed that plants use photoperiod to regulate seasonal physiological changes, which suggest 
the importance of photoperiod for boreal and northern temperate plant species. In addition, 
Benomar et al. (2016) reported that photoperiod at higher latitude enhanced photosynthetic 
capacity, suggesting the possibility of Pn enhancement. However, in some plant species, an 
excessive increase in photoperiod reduces the growth rate and photosynthetic efficiency due to 
the accumulation of starch and soluble sugars in leaves (e.g., Logendra et al. 1990, Shishido et al. 
1990, Demers et al. 1998). For morphological responses to photoperiod, Oleksyn et al. (1992) 




populations of Scot pine (Pinus sylvestris L.) were grown under conditions emulating changes in 
photoperiod at 50 and 60˚N.  
Similarly, plants use photoperiod signal for the induction of dormancy. Dormancy is induced 
mainly by the increasing length of night in autumn (short day) and low temperatures (Weiser 
1970, Jackson 2009, Fracheboud et al. 2009, Soolanayakanahally et al. 2013), resulting in the 
onset of autumnal phenological events, such as growth cessation, bud set, and leaf senescence 
(Junttila 1980, Clapham et al. 2001, Ruttink et al. 2007, Fracheboud et al. 2009). Thus, 
photoperiodic sensitivity plays an important role in growth and survival for northern tree species. 
These phenological events are generally related to the adaption of species to the local 
environment, for instance, northern populations set buds earlier and are hardier than southern 
populations (Campbell and Sorensen 1973, Junttila 1982, Kozlowski and Pallardy 2002). 
Because these responses are under strong genetic control, by moving trees north out of their site 
of origin, trees may experience a mismatch between their phenology and the different 
photoperiod regimes at the new location. For instance, many common garden experiments have 
reported that when trees from different latitudinal origins are grown together, the critical 
photoperiod for phenological traits is expected to reflect underlying latitudinal variation (Pauley 
and Perry 1954, Ingvarsson et al. 2006, Luquez et al. 2008, Friedman et al. 2011). The plant's 
response to photoperiod regimes under northward migration may affect their growth and also 
survival. For instance, growth cessation may be delayed, and while longer growing season would 
enhance their growth, it increases the risk of frost damage in early autumn (Howe et al. 1995). 
The frost-damaged stem would prevent a bud break in spring and become susceptible to pest 
attacks (Ostry et al. 1989), and if trees experience damage annually, their performance such as 




faster photoperiod change during the summer-autumn transition at higher latitudes may 
jeopardize the proper development of cold hardiness and buds (Bigras et al. 2001). Trees without 
a proper level of cold hardiness may not survive cold winters (Welling et al. 1997, Li et al. 
2003). On the other hand, the delay of autumnal phenology could be beneficial to trees with 
more opportunities for photosynthesis, which is important for facilitating metabolic processes 
and nutrient resorption of leaves during leaf senescence (Hoch et al. 2001) and supporting bud 
break the following spring (Kaelke and Dawson 2005, Regier et al. 2010). Therefore, it is critical 
to understand how photoperiod regimes at new locations may affect tree growth, dormancy 
induction, and cold hardiness development.  
1.1.5 Plant response to elevated [CO2]  
Elevated [CO2] affects plant responses in different ways. Since CO2 is a substrate for 
photosynthesis, increasing atmospheric [CO2] will enhance carbon assimilation in C3 plants 
(Long et al. 2004, Ainsworth and Rogers 2007). Experimental studies have shown a positive 
effect of elevated [CO2] on plant responses (Oberbauer et al. 1985, Ceulemans et al. 1995). For 
instance, plants generally respond to elevated [CO2] by photosynthetic stimulation, growth 
enhancement, and altering biomass allocation (Mott 1990, Long and Drake 1992). The increase 
in Pn and decreases in gs improve water use efficiency (WUE) (Oberbauer et al. 1985, Tyree and 
Alexander 1993, Ceulemans et al. 1995, Curtis 1996, Curtis and Wang 1998, Ainsworth and 
Rogers 2007), which has been shown to ameliorate an impact of water stress to some degree 
(Wullschleger et al. 2002). However, under long-term exposure of elevated [CO2], the 
stimulation of photosynthesis likely become downregulated by a reduction in Vcmax through a 
decrease in Rubisco content (nitrogen investment) (Drake et al. 1997). There are also many 




al. 1992, Lindroth et al. 1993, Overdieck and Forstreuter 1994). Controlled experiments have 
shown that elevated [CO2]  can increase shoot and root growth (Lavola et al. 2013), leaf area 
(Overdieck and Forstreuter 1994) and leaf mass (Koch et al. 1986), and total biomass (Lavola et 
al. 2013). 
Elevated [CO2] can also affect plant autumnal phenology including bud phenology (Murray et al. 
1994, Ceulemans et al. 1995a, Jach and Ceulemans 1999), leaf senescence (Tricker et al. 2004, 
Taylor et al. 2008, Riikonen et al. 2008) and cold hardiness (Tinus et al. 1995, Jach et al. 2001).  
Elevated [CO2] has been reported to advance leaf senescence and spring bud break (Jach and 
Ceulemans 1999), delay leaf senescence in Populus species (Tricker et al. 2004, Taylor et al. 
2008, Riikonen et al. 2008), or have no effect (Herrick and Thomas 2003). The effect of elevated 
[CO2] on spring bud break has been reported with advances (Repo et al. 1996, Karnosky 2003), 
delays (Murray et al. 1994), and no response (Sigurdsson 2001, Karnosky 2003, Norby et al. 
2003).  
Several studies on the interactive effects between elevated [CO2] and other factors on tree 
responses have been conducted (Miao et al. 1992, Centritto et al. 1999, Zhang and Dang 2006, 
Danyagri and Dang 2014) and indicated that the results can vary with other environmental 
factors and also species (Beerling et al. 1996, Saxe et al. 1998a). Thus, it is important to conduct 
experiments under several factors and understand the interactive effects of these factors on plants 
responses in the projected new location. For instance, experimental studies have shown a 
reduction of drought stress under elevated [CO2] (Wullschleger et al. 2002). C3 plants decrease 
their stomatal apertures in response to elevated [CO2], which causes the decline of stomatal 




et al. 2002). However, the interactive effects of soil moisture and elevated [CO2] depend on 
species and other environmental factors.  
1.2 Aims of this thesis 
The objective of my thesis was to investigate the interactive effects of soil moisture, photoperiod 
and [CO2] on the physiology, morphology, and phenology of trembling aspen (Populus 
tremuloides Michx) in the context of climate change-induced northward migration. There are 
several past studies on the interactive effects of elevated [CO2] and other environmental factors 
on boreal trees, but the results vary with studies and species (Miao et al. 1992, Centritto et al. 
1999, Zhang and Dang 2006, Danyagri and Dang 2014). However, these interactions are still not 
well understood. A good understanding of such effects, particularly interactions involving 
photoperiod, is essential for planning latitudinal seed transfer and predicting natural migration of 
boreal trees in response to climate change. In order to achieve the objective of this thesis, 
trembling aspen seedlings were exposed to treatments of two [CO2] (AC 400 and EC 1000 µmol 
mol-1), four photoperiod regimes corresponding to 48°N (seed origin),52°N, 55°N, and 58°N 
latitudes, and two soil moisture regimes (high and low) for two growing seasons. I tested the 
following hypotheses: 
- Elevated [CO2] and longer photoperiod would increase tree growth, and the amount of 
increase would be reduced by water stress (Chapter 2). 
- Water stress would increase xylem cavitation resistance, while elevated [CO2] and longer 
photoperiods would have the opposite effect (Chapter 2). 
- Longer photoperiods would exacerbate the negative effect of moisture stress on the 




- [CO2] elevation will ameliorate moisture stress and/or overcome the effect of longer 
photoperiod on biomass partitioning (Chapter 3). 
- The changes in photoperiod regime associated with northward migration and elevated 
[CO2] would delay autumn phenological events of trembling aspen, resulting in a longer 
growing season and more growth, and low soil moisture would partially offset the delay 
in the development of dormancy and cold hardiness (Chapter 4). 
- Photoperiod regimes at latitudes north of the seed origin in combination with elevated 
[CO2] would expedite bud break in the spring (Chapter 4). 
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2 Chapter 2: Northward migration will increase growth but reduce resistance to 
drought-induced xylem cavitation in trembling aspen 
2.1 Abstract 
Trees may migrate to higher latitudes in response to climate changes in the future, exposing them 
to higher [CO2], new photoperiods, different soil moisture, and other new conditions. The new 
conditions may influence tree physiology, survival, and growth. This study examined the 
interactive effects of [CO2], photoperiod and soil moisture on morphology and cavitation 
resistance in trembling aspen. One-year-old seedlings were exposed to two [CO2] (AC 400, EC 
1000 µmol mol-1), four photoperiod regimes corresponding to 48 (seed origin), 52, 55, and 58°N 
latitudes, and two soil moistures (60%-75% and 13% -20% of field capacity) for one growing 
season in greenhouses. Seedling growth, leaf size, specific leaf area, biomass allocations and 
xylem resistance to cavitation (water potentials for 20, 50 and 80% loss of hydraulic 
conductivity) were assessed. The seedlings under the longest photoperiod regime (58˚N latitude) 
had greatest height and biomass but smallest specific leaf area. Under EC, however, the longest 
photoperiod regime significantly reduced xylem resistance to drought-induced cavitation as 
compared to the photoperiod at 48˚N. The results suggest that when migrating to higher latitudes 
trembling aspen may grow faster but could become less resistant to drought and more prone to 
hydraulic failure during a drought spell. 






The projected rises in global temperatures and changes in precipitation patterns will likely induce 
northward migration of boreal trees by the end of this century (McKenney et al. 2007, 2011). As 
a consequence, trees will be exposed to a new environment with different photoperiod regimes 
and higher carbon dioxide concentration ([CO2]). The effects of photoperiod and [CO2] alone on 
trees have been studied (Oleksyn et al. 1992, Norby et al. 2010), but it is unknown how these 
factors interact in affecting trees in the context of predicted northward migration. It is also 
predicted that the frequency and severity of water stress will increase in many regions of North 
America (Pachauri, Allen, Barros, Broome, van Ypserle, et al. 2014). Increased water stresses 
will likely hinder the northward migration of boreal trees, e.g., trembling aspen (Populus 
tremuloides Michx.). Trembling aspen is widely distributed in the boreal region and has high 
economic and ecological values, but is very sensitive to water stress (Perala 1990, Peterson and 
Peterson 1992). Under severe droughts, trembling aspen a good understanding of how trembling 
aspen may respond to drought stress under such new environmental conditions may be essential 
for planning latitudinal seed transfer and predicting the natural can have widespread dieback and 
mortality (Hogg et al. 2008, Michaelian et al. 2011). Therefore, the migration of boreal trees in 
response to climate change.  
Hydraulic failure due to xylem cavitation is a major mechanism of drought-induced tree 
mortality (McDowell et al. 2008, Allen et al. 2010, Adams et al. 2017). Trees can undergo 
physiological and/or  morphological acclimations to maintain xylem water potential above the 
threshold for hydraulic failure, e.g., to increase root: shoot ratio (Kozlowski and Pallardy 2002, 
Klein et al. 2011) and/or stomatal sensitivity to changes in water status, or to have smaller and 




can also help trees to survive severe drought stress (Vilagrosa et al. 2012). In deciduous trees, 
cavitation resistance is inversely related to the total area of pits in conduit, which increases with 
vessel diameter (Hacke and Sperry 2001, Tyree and Zimmermann 2002, Cai and Tyree 
2010). However, there is a trade-off between hydraulic efficiency and cavitation resistance 
(Fichot et al. 2010). For instance, trees grown under mild drought stress have more resistant 
xylem, such as smaller diameter of conduits and lower pit area, which lead to a reduction in 
hydraulic conductance and the risk of cavitation at the expense of lowering hydraulic efficiency 
(Tyree and Zimmermann 2002).  
The interactions among [CO2], photoperiod and water availability can influence physiological 
and morphological characteristics of trees that have a significant impact on the northward 
migration or assisted seed transfer of boreal trees. For instance, CO2 elevations increase tree 
growth and improve water use efficiency (WUE) (Norby et al. 1999, Centritto et al. 2002) and 
thus mitigate the negative effects of drought stress on growth. Longer photoperiods during the 
growing season increase shoot: root ratio and enhance leaf development (Oleksyn et al. 1992, 
Gestel et al. 2005, Abeli et al. 2015), resulting in improved hydraulic efficiency but increased 
water loss.  Further, higher [CO2] increase vessel diameter in aspen (Kostiainen et al. 2014), and 
longer photoperiods increase the diameter of xylem tracheid in Pinus resinosa (Larson 1962), 
which may improve hydraulic efficiency but also reduce cavitation resistance. However, there is 
generally a paucity of information on the interactive effects of [CO2], photoperiod and soil 
moisture on the morphological and hydraulic characteristics of boreal trees. For example, Newaz 
et al. (2017) examined the interactive effect of [CO2], photoperiod and soil moisture on the 
hydraulic characteristics of jack pine in the context of northward migration and found significant 




increasing photoperiod under elevated [CO2]. The present study investigated the fore mentioned 
three-way interaction on the morphology and resistance to cavitation in trembling aspen in the 
context of climate change-induced northward migration. We hypothesized that elevated [CO2] 
and longer photoperiod would increase tree growth and the amount of increase would be reduced 
by water stress. We further hypothesized that water stress would increase xylem cavitation 
resistance while elevated [CO2] and longer photoperiods would have the opposite effect.    
2.3 Materials and Methods 
2.3.1 Plant materials 
Trembling aspen (Populus tremuloides Michx.) catkins were collected in June 2016 from 10 
free-pollinated trees in Thunder Bay region, Ontario, Canada (48.38°N, 89.25°W). The catkins 
were air-dried for five days at room temperature, and seeds were extracted. All the seeds were 
mixed and stored in a sealed glass bottle at -4°C. Seeds were sown in germination trays filled 
with a mixture of peat moss and vermiculite (1:1 (v/v)) in a greenhouse at the Thunder Bay 
Campus of Lakehead University. The greenhouse was maintained at 24/14 (±2) °C (day/night) 
temperature, and the natural photoperiod was prolonged to 16h by using high-pressure sodium 
lamps (P.L. Systems, Grimsby, ON, Canada) which amounted to about 600 µmol∙m−1 ∙s −1 PAR 
at the canopy level. All trays were kept under ambient [CO2] and well-watered. The seedlings (n 
= 96) were individually transplanted to circular pots (12 cm in height, and 12.5 cm and  9.5 cm 
top and bottom diameter, respectively) filled with a mixture of peat moss and vermiculite (7:3 
v/v) 18 days after germination.   
2.3.2 Experimental design 




Bay campus. The treatments consisted of two [CO2] (AC 400 vs. EC 1000 µmol mol-1), four 
photoperiod regimes corresponding 48°N (seed origin),52°N, 55°N, and 58°N latitudes, and two 
soil moisture regimes (high vs. low). The experiment was a split-split plot design with [CO2] as 
the main plots, photoperiods as the sub-plots, and soil moisture level as the sub-sub-plots.  Each 
[CO2] level had two independent replicates and were randomly assigned to two of the four 
greenhouses. I used a total 96 seedlings: 3 seedlings per treatment combination (2 levels of CO2, 
4 photoperiods, and 2 soil moisture levels) and 2 replications per combination, 3 × 2 × 4 × 2 × 2 
= 96). 
2.3.3 Treatments and greenhouse environment controls 
The environmental conditions in each greenhouse were independently monitored and controlled 
using the Argus Titan Environment Control System (Argus Controls Systems Ltd., Surrey, BC, 
Canada). [CO2] was elevated using the model GEN2E gas CO2 generators made by Custom 
Automated Products Inc. (Riverside, California, USA). The photoperiod in each greenhouse was 
set to the longest of the four treatment levels by supplementing natural light (on cloudy days, and 
in early mornings and late evenings) using high-pressure sodium lamps (Model LR48877, P.L. 
Systems, Grimspy, ON, Canada). The shorter photoperiods were obtained by manual shading. A 
wooden frame was installed for each photoperiod treatment and efforts were made to make sure 
that all light was blocked with neutral density shading cloth. The light intensity inside the 
shaded-frame was 0 µmol s−1 m−2 as measured with a light meter (LI-250, LI-COR Inc., USA) 
with a quantum sensor (LI-190, LI-COR Inc., USA)). The photoperiod setting was adjusted 
weekly according to the calculated photoperiod for each of the four latitudes. The soil volumetric 
water content was monitored using Delta-T ML2x probe and HH2 moisture meter (Delta-T 




moisture treatment and between 13% and 20% of the field capacity for the low soil moisture 
treatment.  
The experiment was run from November 1st to February 4th, 2016/17 to emulate the natural 
growing season from June 7th to September 10th.  The temperature and photoperiod were adjusted 
weekly based on the weekly averages of the past ten years for each of the four latitudes 
(Environment Canada Weather Records). The daily temperature in each greenhouse was ramped 
at 6-hour set points (averages of the past ten years). We fertilized seedlings in three phases with 
different fertilizer formulations: Rapid growth phase (June 7th  to June 21st ): 100 mg N L−1, 60 
mg P L−1, 150 mg K L−1, 80 mg Ca L−1, 40 mg Mg L−1 and 60 mg S L−1; Establishment phase 
(June 22nd  to August 30th ): 33 mg N L−1, 73 mg P L−1 and 55 mg K L−1; Hardening phase 
(September 1st to the end of the experiment): 33mg N L−1, 44 mg P L−1 and 83 mg K L−1 (Landis 
1989, Jacobs and Landis 2009). 
2.3.4 Measurements and assessments 
Growth Measurements 
Three seedlings were randomly selected from each treatment combination (2 levels of [CO2], 4 
photoperiods, and 2 levels of soil moisture) and 2 replications per combination (3 × 2 × 4 × 2 × 2 
= 96 seedlings in total). The randomization was carried out at the time when measurements were 
taken. The selected seedlings were harvested after height and root collar diameter (RCD) 
measurement and were separated into leaves, stem, and roots. The leaves from each seedling 
were scanned to determine total leaf area (LA) and the number of leaves was using the WinFolia 
software (Regent Instruments Inc, Quebec, Canada). The root system was washed individually. 




for calculations of biomass allocation, specific leaf area (SLA= total leaf area / total leaf dry 
mass), leaf area ratio (LAR= leaf area/ total dry mass leaf mass ratio), leaf mass ratio (LMR leaf 
dry mass/ total dry mass), stem mass ratio (SMR= stem dry mass/ total dry mass), root mass ratio 
(RMR= root dry mass/total dry mass), and root to shoot ratio (RSR= root dry mass/ shoot dry 
mass). 
Xylem Conductivity and Cavitation Resistance Assessments 
Three seedlings were randomly selected from each treatment combination as described 
previously. The randomization was carried out at the time of measurement. The air-injection 
method (Sperry and Saliendra 1994) using a double-ended pressure chamber (1505D-EXP 
Pressure Chamber, PMS Instrument Company, Albany, OR, USA) was used to create cavitation 
in the xylem. Stems were cut into 15cm segments to accommodate long maximum vessel lengths 
(mean vessel length 1.9cm, between 8 and 15cm of stems; Sperry and Saliendra 1992; Sperry et 
al. 1994) at 5 cm from root collar under water to avoid embolism in xylem conduits (Wheeler et 
al. 2013). The bark at the end of stem segment was removed with a razor blade and the xylem 
was covered with parafilm, which was attached to a flexible tube connected to a solution tank 
filled with distilled water and 20mM/L of Potassium chloride. The bark in the middle of the 
segment (5 cm) was removed to ensure air entry into the xylem (Ennajeh et al. 2011). The tank 
was installed at 0.5m in height. The segment was installed in the doubled-ended pressure 
chamber. To make the sample segments fully functional (no embolism in the xylem conduits), 
the segments were flushed at 175 kPa pressure for 20 min to remove all air bubbles. After full 
saturation, the maximum conductivity of the xylem segment was measured (Kmax), which was 
divided by the functional xylem area of each segment to obtain maximum specific hydraulic 




A gravity-induced flow rate (5 min) and 10kPa-pressure-induced flow rate (5 min) were 
measured, and the gravity-induced flow rate was subtracted from 10kPa-induced flow rate. The 
hydraulic conductivity (Kh) was defined as the mass flow rate (Kmax) through the segment divided 
by the pressure difference/segment length; 
(𝐾ℎ)=
Mass flow rate (mg 𝑠−1) 
Pressure difference(MPa)/Segment length (m)
 
After getting kmax, the segment was pressurized to create cavitation in the xylem. The segment 
was pressurized with different pressure (0.5, 1.0, 1.5, 1.8, 2.0, 2.5, 3.0, 3.5, and 4.5 MPa) for 10 
min. The Kh measurement was initiated after the stem stopped releasing air and continued until 




The relationship between hydraulic conductance and decreasing water potential (-MPa) for each 
seedling was fitted with a Weibull curve using the “fitplc” function in the fitplc package 
(Duursma and Choat, 2017) in R software (Version 3.5.0, R Development Core Team 2018). 
From these curves, the water potential corresponding to 20%, 50% and 80% loss of Kh (P20, P50, 
and P80) and bootstrapped confidence intervals (CIs; 95%) were calculated. Differences in 
vulnerability between treatments were deemed significant only if CIs did not overlap.  
2.3.5 Data Analysis  
All the data were examined graphically for the normality of distribution (probability plots of 
residuals) and homogeneity of variance (scatter plots) with the R software (Version 3.5.0, R 
Development Core Team 2018) before being subjected to the analysis of variance (ANOVA). 




interactions. When the ANOVA showed a significant (p ≤ 0.05) photoperiod effect or a 
significant interaction, Fisher’s Least Significant Difference (LSD) post hoc test was used to 
examine differences among treatment means. There were limitations in pair-wise comparisons in 
the split-split plot experimental design we used in this study because lower level plots were 
nested within a higher-level plot. Furthermore, the sample size in this study was very small, 
increasing the likelihood of real treatment effects being undetected (type II error). Fisher’s LSD 
offers a reasonable control of type II error without compromising the power of the statistical test 
for split plot and split-split plot designs. All the analyses were performed using R software 
(Version 3.5.0, R Development Core Team 2018). 
2.4 Results 
Growth and biomass allocation 
The seedlings in the longest photoperiod (58˚N) treatment had significantly higher height growth 
(110 ± 17.55cm) and smaller specific leaf area (SLA) (363.49 ± 90.81 cm2 g-1) than all other 
shorter photoperiod treatments (92.19 ± 17.16 cm, 432.63 ± 104.18 cm2 g-1) (Table 1; Figure 1a-
right, 2b). Low soil moisture had significantly lower height (92.74 ± 17.70 cm), RCD (7.03 ± 
1.14 mm) and leaf size (56.84 ± 13.87 cm2) than that of high soil moisture treatment (100.30 ± 
19.19 cm, 7.98 ± 1.32 mm, 65.33 ± 14.24 cm2) (Table 1; Figures 1a-left, b, 2a).  
The seedlings in the longest photoperiod had significantly greater total biomass (18.93 ± 6.68 g) 
and leaf biomass (6.49 ± 1.97 g) than those in the shorter photoperiods (15.04±7.28 g, 5.07±2.09 
g) (Table 1; Figure 3a-left, b-left). Similarly, the seedlings at low soil moisture were lower in 
total biomass (13.20 ± 5.35 g), leaf biomass (4.67 ± 1.53 g), stem biomass (5.61 ± 2.44 g), and 




2.40 g, 8.24 ± 3.47 g, 3.74 ± 2.20 g ) (Figure 3a-right, b-right and c). The root biomass difference 
between low and high soil moisture was significantly greater at the combinations of AC and the 
photoperiod at 58°N (High:4.87 ± 1.71g, Low: 2.00 ± 0.97g) and EC and the photoperiod at 





Table 2.1 Summary of ANOVA for the effects of [CO2] (C), photoperiod (P), soil moisture 
(SM) and their interactions on height, RCD, leaf size, SLA, total dry weight (DW), leaf DW, 
stem DW, root DW, leaf mass ratio (LMR), stem mass ratio (SMR), root mass ratio (RMR), 
and root shoot ratio (RSR). The seedlings were exposed to two levels of [CO2] (400 vs. 1000 
µmol mol-1), four photoperiod regimes (at 48.38°N (seed origin), 51.68°N, 54.98°N, and 
58.28°N), and two soil moisture regimes (high (60%-75%) vs. low (13% -20%)). The numbers 
in bold are significant p-values at <0.05. 
 





C × P 
(DF=3) 
C × SM 
(DF=1) 
P × SM 
(DF=3) 
C × P × SM 
(DF=3) 
Height F 0.427 13.761 8.875 0.528 0.070 2.314 3.001 
  P 0.581 0.004 0.018 0.679 0.798 0.152 0.095 
RCD F 0.605 0.796 28.739 1.213 0.059 0.909 1.203 
  P 0.518 0.539 0.001 0.383 0.815 0.479 0.369 
Leaf size F 0.736 0.553 7.940 1.013 0.044 0.117 0.419 
  P 0.481 0.665 0.023 0.450 0.838 0.948 0.744 
SLA F 0.964 4.933 2.749 1.304 0.518 0.794 1.106 
  P 0.430 0.047 0.136 0.357 0.492 0.531 0.402 
Total DW F 0.966 6.889 37.817 3.115 0.081 1.606 3.332 
  P 0.429 0.023 <0.001 0.110 0.783 0.263 0.077 
Leaf DW F 0.485 10.542 38.056 3.627 0.164 2.139 1.699 
  P 0.558 0.008 <0.001 0.084 0.696 0.173 0.244 
Stem DW F 1.211 4.440 42.117 1.257 0.157 1.459 3.347 
  P 0.386 0.057 <0.001 0.370 0.703 0.297 0.076 
Root DW F 2.273 4.380 22.737 3.956 0.266 1.021 4.607 
  P 0.271 0.059 0.001 0.072 0.620 0.433 0.037 
LMR F 0.480 1.544 12.290 0.685 0.103 0.249 2.547 
  P 0.560 0.297 0.008 0.593 0.757 0.860 0.129 
SMR F 0.160 2.032 8.893 0.245 0.017 0.204 5.557 
  P 0.728 0.211 0.018 0.862 0.899 0.891 0.023 
RMR F 0.450 5.339 4.332 2.066 0.043 0.805 4.179 
  P 0.571 0.040 0.071 0.206 0.841 0.525 0.047 
RSR F 0.615 5.278 4.221 2.102 0.021 0.784 4.298 
  P 0.515 0.040 0.074 0.202 0.890 0.536 0.044 








Figure 2.1 Total height (Mean + SE) by four photoperiods (at 48 (seed origin), 52, 55, and 
58°N) (a) and two soil moisture (high and low) (b) in trembling aspen seedlings. The Figure 
(b) represents the mean root collar diameter (RCD) by two soil moisture. The data in Figure 
(a) were pooled for the 2 levels of [CO2] and 2 levels of soil moisture treatments because the 
3-way interaction was not statistically significant (n = 3 x 2 x 2 x 2 = 24). The sample size for 
Figure (b) was 48 because the data were pooled for the 2 levels of [CO2] and 4 levels of 
photoperiods due to p >0.05 (3 seedlings x 2 replicates x 2 [CO2] x 4 photoperiods = 48). 
Different letters above the bars indicate significant differences under Fisher’s Least 
Significant Difference (LSD) post hoc test (p < 0.05). The level of significance is shown (*p 




Figure 2.2 Mean leaf size by two soil moisture (high vs. low) (a) and specific leaf area by four 
photoperiods (at 48 (seed origin), 52, 55, and 58°N) (b) in trembling aspen seedlings (Mean + 
SE). The data for Figure (a) were pooled for [CO2] and photoperiod because p> 0.05 for the 3-
way interaction (3 seedlings per treatment combination x 2 replications per combination x 2 
[CO2] x 4 photoperiods = 48).  Data for Figure (b) were pooled for the 2 [CO2] and 2 soil 
moisture treatments (n = 3 x 2 x 2 x 2 = 24). The level of significance is shown (*p <0.05; ** p 






Figure 2.3 Total biomass (a) and leaf biomass (b) by four photoperiods (at 48 (seed origin), 
52, 55, and 58°N) and two soil moisture (high vs. low), stem biomass (c) by two soil moisture 
regimes, and root biomass (d) by combinations of two [CO2] (400 vs.1000 µmol mol-1), four 
photoperiods and two soil moisture regimes in trembling aspen seedlings (Mean + SE). Data 
were pooled for effects with p > 0.05: the data for Figures (a) and (b) were pooled for the 2 
levels of [CO2] and 2 levels of soil moisture treatments (n = 3 x 2 x 2 x 2 = 24). The data for 
Figure (c) were pooled for the 2 levels of [CO2] and 4 levels of photoperiod treatments (n = 3 x 
2 x 2 x 4 = 48). n for Figure (d) was 6 (3 x 2). Different letters above the bars in (a) and (b) 
indicate significant differences as shown by Fisher’s Least Significant Difference (LSD) post 
hoc test (p <0.05). Different lowercase letters in (d) indicate significant differences among 
photoperiod within the same [CO2] and soil moisture treatments (LSD test: p <0.05). Different 
uppercase letters in (d) indicate significant differences among soil moisture within the same 
[CO2] and photoperiod treatments (LSD test: p <0.05). The asterisk above the bars in (d) 
indicate the significant differences among [CO2] within the same photoperiod and soil 
moisture treatments (LSD test: p <0.05). The level of significance is shown (*p <0.05; ** p 
<0.01; *** p <0.001). 
 
Longer photoperiods tended to reduce root: shoot ratio (RSR) and root mass ratio (RMR) under 
elevated [CO2], although the trend seemed slightly different between low and high soil moisture 




increased leaf mass ratio (LMR) (High: 0.34 ± 0.05, Low: 0.37±0.06) (Figure 4b), but tended to 
decrease RMR(High: 0.19 ±0.04, Low:0.17 ± 0.05), RSR (High: 0.23 ± 0.07, Low: 0.20 ±0.07), 
and stem mass ratio (SMR) (High:0.46 ± 0.04, Low: 0.44 ± 0.05) (Figure4a, c, d).      
 
 
Figure 2.4 Root shoot ratio (RSR) (a), stem mass ratio (SMR) (c), and root mass ratio (RMR) 
(d) by combinations of two [CO2] (400 vs. 1000 µmol mol-1), four photoperiods (at 48 (seed 
origin), 52, 55, and 58°N), and two soil moisture (high vs. low), and leaf mass ratio (LMR) (b) 
by two soil moisture in trembling aspen seedlings (Mean + SE). n = 6 for Figures a, c and d (3 
seedlings per treatment combination x 2 replicates). n= 48 for Figure (b) because the data were 
pooled for the 2 levels of [CO2] and 4 levels of photoperiod treatments because p >0.05 (n = 3 
seedlings per treatment combination x 2 replications per combination x 2 [CO2] x 4 
photoperiods = 48). Different lowercase letters in (a), (c), and (d) indicate significant 
differences among photoperiod within the same [CO2] and soil moisture treatments (LSD test: 
p < 0.05). Different uppercase letters in (a), (c), and (d) indicate significant differences among 
soil moisture within the same [CO2] and photoperiod treatments (LSD test: p < 0.05). The 
asterisk above the bars in (c) and (d) indicate the significant differences among [CO2] within 
the same photoperiod and soil moisture treatments (LSD test: p < 0.05). The level of 
significance is shown (*p <0.05; ** p <0.01; *** p <0.001).   





Xylem cavitation resistance  
The effects of [CO2], photoperiod, and soil moisture on xylem cavitation resistance varied with 
the level of conductivity loss (Table 2). Under the EC, the seedlings in long photoperiods 
reached 20%, 50%, and 80% conductivity loss (P20, P50, and P80) at less negative water potentials 
(less cavitation resistant) than those at the seed origin (Figures 5, 6). Particularly, there was no 
overlap of CIs at P20, P50 and P80 between 48˚N (P20 :-1.51MPa (1.11-1.83), P50 :-2.22MPa 
(CIs:1.75-2.32), P80 :-2.75MPa (2.43-3.20)) and 58˚N (P20 :-0.86MPa (0.62-1.12), P50 :-1.33MPa 
(CIs:1.09-1.53), P80 :-1.89MPa (1.62-2.22)) under EC, which indicates significant difference 
between the shortest and longest photoperiod treatments (Table 3; Figure 5e and h). Under the 
AC, however, the threshold water potentials of conductivity loss appeared to be more negative 
(more resistant to cavitation) at the photoperiod of the highest latitude but the differences were 
generally not significant (Table 3; Figure 6a-d). The seedlings in low soil moisture reached P80 at 
less negative water potential, however the CIs overlapped between high and low soil moisture 
(High: -2.3MPa (2.03-2.69), Low; -2.08MPa (1.80-2.42)) (Figure 3). Seedlings in low soil 
moisture had significantly lower maximum specific hydraulic conductivity (Ksmax) (0.0020 ± 
0.0013 mg mm-1 s-1 MPa-1) than that of high soil moisture treatment (0.0014 ± 0.0013 mg mm-1 





Table 2.2 Summary of ANOVA for water potentials associated with 20%, 50% and 80% loss 
of conductivity (P20, P50 and P80, respectively), and maximum specific hydraulic conductivity 
(Ksmax). The seedlings were exposed to two levels of [CO2] (400 vs. 1000 µmol mol-1), four 
photoperiod regimes (at 48.38°N (seed origin), 51.68°N, 54.98°N, and 58.28°N), and two soil 
moisture regimes (high (60%-75%) vs. low (13% -20%)). The numbers in bold are significant 
p-values at <0.05. 





C × P 
(DF=3) 
C × SM 
(DF=1) 
P × SM 
(DF=3) 
C × P × SM 
(DF=3) 
P20 F 433 1.503 0.286 5.929 1.607 1.073 0.669 
  P 0.002 0.307 0.607 0.032 0.241 0.413 0.594 
P50 F 17.360 1.022 1.648 7.488 2.387 0.891 0.697 
  P 0.053 0.447 0.235 0.019 0.161 0.486 0.580 
P80 F 2.628 1.048 9.836 7.201 5.078 1.234 1.155 
  P 0.246 0.437 0.014 0.021 0.054 0.359 0.385 
Ksmax F 0.248 0.789 5.441 2.116 0.076 0.115 0.365 
  P 0.668 0.543 0.048 0.200 0.790 0.949 0.780 






Table 2.3 Water potentials (average MPa) plus 95% confidence intervals at 20% (P20), 50% 
(P50), and 80% (P80) loss in hydraulic conductivity of trembling aspen seedlings. Curves were 




Treatment P20 (MPa) (95% CI) P50 (MPa) (95% CI) P80 (MPa) (95% CI) 
Soil moisture High  1.13 (0.82-1.40) 1.37 (1.39-1.87) 2.30 (2.03-2.69) 
  Low 1.04 (0.74-1.31) 1.52 (1.24-1.72) 2.08 (1.80-2.42) 
        
 [CO2] ×  
Photoperiod 
Ambient × 48˚N 0.78 (0.55-1.07) 1.27 (1.03-1.50) 1.92 (1.65-2.30) 
Ambient × 52˚N 1.08 (0.84-1.24) 1.44 (1.25-1.63) 1.87 (1.70-2.20) 
  Ambient × 55˚N 0.88 (0.61-1.17) 1.38 (1.12-1.56) 1.97 (1.72-2.26) 
  Ambient × 58˚N 1.17 (0.81-1.58) 1.81 (1.45-2.03) 2.55 (2.17-3.02) 
  Elevated × 48˚N 1.51 (1.11-1.83) 2.21 (1.75-2.32) 2.75 (2.43-3.20) 
  Elevated × 52˚N 1.30 (0.96-1.51) 1.83 (1.55-2.00) 2.42 (2.13-2.77) 
  Elevated × 55˚N 1.07 (0.75-1.36) 1.57 (1.28-1.79) 2.15 (1.86-2.48) 









Figure 2.5 Hydraulic vulnerability curves showing the response of percent loss of stem 
hydraulic conductivity (%) to decreasing water potential (-MPa) in trembling aspen seedlings 
under the interactive effect of [CO2] (ambient (AC) vs. elevated (EC)) and photoperiod 
(corresponding to 48, 52, 55 and 58 ˚N latitude). Each data point shows the mean PLC+SE at 
different water potential. Each panel was presented as n = 12: 3 seedlings per treatment 
combination and 2 replications per combination; the data were pooled for the 2 level of soil 
moisture treatment because the 3-way interaction was not statistically significant, 3 x 2 x 2 = 
12).Vertical dotted/dashed lines indicate the 95% confidence interval for P20 (gray with dotted 








Figure 2.6 Maximum specific hydraulic conductivity (Ksmax) of trembling aspen seedlings by 
two soil moisture (high and low). The data are presented as Mean + SE (n = 48: 3 seedlings per 
treatment combination and 2 replications per combination; the data were pooled for the 2 
levels of [CO2] and 4 levels of photoperiod treatments because the 3-way interaction was not 
statistically significant, 3 x 2 x 2 x 4 = 48).The level of significance is shown (*p <0.05).   
2.5 Discussion 
The first hypothesis was fully supported by my findings that the seedlings under the longest 
photoperiod (corresponding to 58˚N latitude) had the highest growth in height and biomasses 
among all the photoperiod regimes. The results are in general agreement with the findings of 
Oleksyn et al. (1992) on Scots pine (Pinus sylvestris L.). Specific leaf area (SLA), however, was 
the lowest for seedlings grown under the longest photoperiod. While growth rates are generally 
positively related to SLA, the opposite is occasionally reported (Wright et al. 1994, Thumma et 
al. 2001). The negative relationship between SLA and growth can be explained as that thicker 
leaves associated with low SLA may have more mesophyll cells per unit leaf area which will 
increase photosynthesis and therefore biomass production (Thumma et al. 2001, Anyia and 
Herzog 2004). A low SLA should reduce transpirational water loss, increase water use 
efficiency, and ameliorate the risk of desiccation, particularly for seedlings with high leaf 




My results suggest that trembling aspen can physiologically acclimate to drought. The seedlings 
in the low soil moisture treatment had lower hydraulic conductivity. Low soil moisture reduces 
vessel diameter (Awad et al. 2010), resulting in lower water transport capacity or hydraulic 
efficiency (Tyree and Zimmermann 2002). While a high hydraulic conductivity generally 
promotes higher growth rates (Hacke and Sperry 2001, Tyree 2003) as demonstrated by the 
growth and biomass data in this study, the smaller vessel diameter associated with a low 
hydraulic conductivity can increase xylem resistance to cavitation, particularly freeze-thaw 
induced cavitation (Davis et al. 1999, Venturas et al. 2017). Fast-growing and short-lived pioneer 
species, such as trembling aspen, generally have high phenotypic xylem plasticity to acclimate to 
different soil moisture conditions (Plavcová and Hacke 2012; Schreiber et al. 2015). My results 
are generally consistent with the findings of other studies (Tyree and Zimmermann 2002; Nobel 
2009; Hacke et al. 2016). 
The results do not support the hypothesis that drought would increase xylem resistance to 
drought-induced cavitation. Although the specific hydraulic conductivity of the stem was lower 
in the low soil moisture treatment, there were no significant differences between the two soil 
moisture treatments in the water potentials for 20%, 50 and 80 % loss of hydraulic conductivity. 
This result is contrary to the expectation that high hydraulic conductivity is associated with large 
xylem vessels and low cavitation resistance (Wheeler et al. 2005, Markesteijn et al. 2011, Hacke 
et al. 2016, Pratt and Jacobsen 2017). However, cavitation resistance is more closely related to 
the characteristics of the pit membrane (Wheeler et al. 2005). It is possible that the result may 
vary with seedling age (Sperry et al. 1991). Since the rare largest membrane pore and the average 




in cavitation resistance in different soil moisture treatments would be more apparent in larger 
trees.   
My hypothesis on the effects of elevated [CO2] and longer photoperiod on cavitation resistance 
was only partially supported: cavitation resistance decreased with longer photoperiods under the 
elevated [CO2]. The seedlings grown under 58˚N reached a 50% loss of conductivity at high 
water potential (-1.33 MPa) under elevated [CO2] comparing to 48˚N (-2.21 MPa). While the 
reasons for this result cannot be entirely explained, there are studies of the effect of [CO2] and 
photoperiod on xylem anatomical structure, which may affect tree cavitation resistance (Hacke 
and Sperry 2001, Tyree and Zimmermann 2002, Cai and Tyree 2010). CO2 elevations have been 
reported to increase xylem cell size in several Populous spp. (Luo et al. 2005, Kostiainen et al. 
2014), which is not linked to changes in cavitation resistance. In P. tremula, CO2 elevation did 
not affect the cavitation resistance (Tognetti et al. 1999). However, CO2 elevations and longer 
photoperiods can increase the diameter of xylem conduits (Larson 1962, Handa et al. 2006, 
Kostiainen et al. 2014) but the effects of elevated [CO2] vary greatly with changes in other 
environmental factors (Saxe et al. 1998, Norby et al. 1999, 2010, Curtis et al. 2000, Oren et al. 
2001). In the present study, I did not characterize xylem anatomical changes in response to my 
experimental treatments, but I feel that an investigation on the response of xylem anatomy to the 
interactions of CO2 elevation and longer photoperiods is warranted to further elucidate the 
physiological mechanisms of trembling aspen in the context of northward migration. 
Nonetheless, my results indicate that the xylem resistance to cavitation in trembling aspen could 
decline when the species migrate northward to higher latitudes under future climate conditions, 





In summary, my results suggest that trembling aspen would have greater growth and biomass 
under a longer photoperiod when migrating to the north, but the growth enhancement may be 
offset by low soil moisture. However, the xylem resistance to cavitation decreased with 
increasing photoperiod regimes associated with higher latitudes under elevated [CO2]. This, 
along with reduced hydraulic conductivity under low soil moisture, suggests that aspen could 
have lower resistance to water stress when migrating northward if drought becomes more 
frequent and severe in the northern regions (Pachauri, Allen, Barros, Broome, van Ypserle, et al. 
2014). My results indicate that although temperature and precipitation patterns are often 
considered as main factors influencing future tree distribution, other factors that are part of 
species’ niche such as photoperiod, [CO2] and moisture variability likely influence the shift of 
species distribution. As my results were obtained from one-year-old seedlings under controlled 
greenhouse conditions, the results may not be directly applicable to large trees grown in the field. 
However, the value I found in the present study (e.g., -1.27MPa at P50 in AC × 48˚N) is similar 
to the values reported for other Populus species from both field and controlled environment 
studies (Cai and Tyree 2010, Hacke et al. 2010, Hillabrand et al. 2016). The consistency in 
results from different studies, particularly between the present study and field research by other 
researchers, suggests that the use of manipulative experiments to investigate the interactive 
effects of multiple factors on xylem vulnerability can be a powerful tool for examining how trees 
may respond to the novel environmental conditions of the future and/or at new locations. My 
results indicate the need to consider the interactive effects of [CO2], photoperiod, and soil 
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3 Chapter 3: Photoperiod and elevated [CO2] influence physiological responses to 
drought in trembling aspen: implications to climate change-induced migration 
3.1 Abstract 
The success of climate change-induced tree migration is influenced by genetic and 
environmental factors which often interact with each other. However, the interactive effects of 
these factors are currently not well understood. In this study, I investigated the morphological 
and physiological responses of Populus tremuloides Michx. to interactions of atmospheric CO2 
concentration ([CO2]), photoperiod, and soil moisture regimes from the perspective of climate 
change-induced northward migration. Seedlings were exposed to two [CO2], (AC: 400 vs. EC: 
1000 µmol mol-1), four photoperiod regimes corresponding to 48 (seed origin), 52, 55, and 58°N 
latitude and two soil moisture regimes (HSM: high vs. LSM: low) for two growing seasons in 
environment-controlled greenhouses. I have found that photoperiod and [CO2] significantly 
affected responses to water stress and vice versa. Stomatal conductance (gs) and its reduction in 
response to LSM declined with increasing photoperiod. Surprisingly, LSM resulted in an 
upregulation of photosynthesis as indicated by increases in the maximum rate of Rubisco 
carboxylation and maximum rate of electron transport for RuBP regeneration, and the magnitude 
of the upregulation increased with increasing photoperiod. LSM induced photosynthetic 
upregulation was accompanied by an increase in biomass allocation to roots and a reduction in 
gs. LSM increased the instantaneous water-use efficiency (iWUE) and the increase was greater 
under EC. While LSM increased photosynthesis in AC and EC in July, the increase was 
significant only under EC in August. EC increased iWUE in both soil moisture treatments in 
July, but the increase was significant only under LSM in August. Furthermore, EC enhanced Pn 




the critical and predominant role of morphological acclimation in trembling aspen in response to 
LSM. 
Additional keywords: tree migration; gas exchange; [CO2]; soil moisture; Populus tremuloides 
Michx.; photoperiod; morphology. 
3.2 Introduction 
The increase in atmospheric CO2 concentration ([CO2]) and change in water availability 
associated with increasing temperature and changes in precipitations are expected to 
substantially alter the performance of trees by affecting their physiology, phenology, and growth 
(Keeling et al. 1996, Myneni et al. 1997, Huang et al. 2007, Delbart et al. 2008). These changes 
have led to the northward shift of the climate envelopes for boreal trees (McKenney et al. 2007, 
2011). However, northward migration will expose trees to substantial changes in factors that are 
associated with latitudes such as photoperiod, as well as changes in soil water supply and air 
dryness in many parts of North America (Pachauri, Allen, Barros, Broome, van Ypserle, et al. 
2014). The new set of environmental conditions can hinder or promote the survival and growth 
of trees and thus influence the geographic distribution of tree species (Thomas and Vince-Prue 
1996, Jach et al. 2001). However, the physiological and/or growth responses of boreal tree 
species to these potential changes are not well understood. 
The migration of plants in response to climate change may require the acclimation of plant 
physiology, morphology, and/or biomass allocation to cope with the changes in environmental 
conditions (Lafleur et al. 2010). For instance, the predicted more frequent and prolonged water 
stress in many regions of North America in the future (Pachauri, Allen, Barros, Broome, Cramer, 




unable to acclimate to the new condition. Higher [CO2], on the other hand, may lower the impact 
of water stress via reducing stomatal aperture and drought limitation to photosynthesis (Robredo 
et al. 2007). In addition, plants exposed to elevated [CO2] often allocate a greater proportion of 
biomass to roots to improve access to soil moisture (Stulen and Den Hertog 1993, Saxe et al. 
1998). Since the photoperiod is longer in the growing season at higher latitudes, the impact of 
water stress may be even greater because of the extended period of transpirational water loss. 
However, it is unknown whether the impact of longer photoperiod under the effect of water 
stress can be compensated by the positive effect of [CO2] elevation.  
Photoperiod can regulate growth and phenology in photoperiod sensitive plant species (Nelson et 
al. 2010). Long photoperiods can stimulate plant growth (Oleksyn et al. 1992, Johnsen and Seiler 
1996) and increase resource allocation to above-ground organs (Hay 1990, Thomas and Vince-
Prue 1996). It has also been reported that photoperiods alter the rate of photosynthesis and leaf 
nitrogen content (Comstock and Ehleringer 1986). However, photoperiod is determined by 
latitude and does not change with climate change, while moisture availability and other 
environmental factors are affected by climate change (Pachauri, Allen, Barros, Broome, 
Cramer, et al. 2014). Plants have evolved various mechanisms to acclimate to moisture stress, 
from molecular, biochemical,  physiological, to morphological mechanisms (Passioura 1996). 
In short- to medium-terms, plants respond or acclimate to drought physiologically, ranging 
from stomatal closure to metabolic adjustments by tight coordination between photosynthesis, 
respiration, and photorespiration (Passioura 1996). Plants or leaves that have developed during 
water stress may have a higher concentration of nitrogen and Rubisco enzyme in the leaf, leading 
to photosynthetic up-regulation on the leaf area basis (Panković et al. 1999, Kitao et al. 2003, 




increase a greater proportion of biomass to roots to better access soil water (Poorter et al. 2012, 
Hertel et al. 2013), whereas longer photoperiod regime increases the allocation of biomass to 
shoots (Hay 1990, Thomas and Vince-Prue 1996). Since the partitioning of biomass between 
above- and below-ground organs underlie a trade-off (Poorter and Nagel 2000, Craine 2009), an 
interesting question is how photoperiod and moisture stress will interactively affect biomass 
allocation, particularly under the higher [CO2] of the future. Further, since higher [CO2] 
generally increases photosynthetic carbon fixation in C3 plants (Jach et al. 2001), elevated [CO2] 
is expected to further increase biomass allocation to roots under water stress and could influence 
the interactive effect of photoperiod and moisture stress. A good understanding of the responses 
in the physiology, growth, biomass, and biomass allocation of tree seedlings to simultaneous 
changes in photoperiod, water, and CO2 elevation is particularly important for understanding the 
potential performance of trees under the scenario of climate change-induced northward migration 
or seed transfer in the projected future conditions.  
Trembling aspen (Populus tremuloides Michx.) is the most abundant deciduous tree species in 
Canada’s boreal forest (Perala 1990, Hogg et al. 2002) and a commercially important source of 
the wood fiber. The species also has great cultural values for indigenous people and is an 
important species for wildlife and biodiversity. Declines and die-back of trembling aspen have 
been observed across large areas of west-central Canada due to recent severe drought spells, 
coupled with other stresses such as insect outbreaks and pathogens (Hogg et al. 2008, Marchetti 
et al. 2011, Worrall et al. 2013). The fact that trembling aspen is very sensitive to water 
availability and the boreal region is predicted to become drier in the future (Sherwood and Fu 
2014, Seager et al. 2014, Wang et al. 2014) suggests that managing trembling aspen will be more 




exacerbate the negative effect of moisture stress on the physiology and growth of trembling 
aspen and whether [CO2] elevation could ameliorate the negative effect of moisture stress and/or 
moderate the effect of longer photoperiod on biomass partitioning. I also attempted to determine 
what would be the primary mechanism or mechanisms responsible for the response or 
acclimation of the species to the simultaneous changes in these three factors. 
3.3 Materials and Methods 
3.3.1 Plant materials 
I collected catkins of trembling aspen (Populus tremuloides Michx.) from 10 free-pollinated trees 
on June 9th, 2016 in Thunder Bay, Ontario, Canada (48.38°N, 89.25°W). The catkins were air-
dried at room temperature for five days, and seeds were extracted using the method of Moench 
(1999). All seeds were mixed and stored in a sealed glass bottle at -4°C. 
Seeds were sown in horticultural trays filled with a 1:1 (v/v) mixture of peat moss and 
vermiculite in a greenhouse at Lakehead University. The greenhouse was maintained at 24/14 
(±2) °C (day/night) temperature, and the natural photoperiod was extended to 16h by using high-
pressure sodium lamps (P.L. Systems, Grimsby, ON, Canada). All trays were well-watered. After 
18 days from the completion of germination, the seedlings were individually transplanted to 
circular pots (12 cm in height, 12 cm and  9.5 cm top and bottom diameter, respectively) filled 
with a mixture of peat moss and vermiculite (7:3 v/v).     
3.3.2 Experiment design 
The experiment was conducted in four greenhouses at the Thunder Bay campus of Lakehead 
University. The treatments comprised two levels of [CO2] (400 (ambient) vs. 1000 (elevated) 




(48°N), 51.68 (52°N), 54.98 (55°N), and 58.28°N (58°N), and two soil moisture regimes (high 
vs. low). The experiment design was a split-split plot design where the [CO2] was the main plot, 
photoperiod was sub-plot, and soil moisture was sub-sub-plot. Each of the two [CO2] treatments 
were randomly assigned to two of the four greenhouses (2 replicates for each [CO2]). The 
photoperiod treatment was nested within the [CO2] treatment, and soil moisture was nested 
within the photoperiod. 
3.3.3 Treatments and the greenhouse environment controls 
The environmental condition of each greenhouse was individually controlled using the Argus 
Titan Environment Control System (Argus Controls Systems Ltd., Surrey, BC, Canada). The 
elevated [CO2] was achieved with the model GEN2E gas CO2 generators (Custom Automated 
Products Inc., Riverside, California, USA).  The photoperiod of each greenhouse was set to the 
longest photoperiod of the four treatments (58.28°N). The natural light level was supplemented 
(on cloudy days, early mornings, and late evenings) and natural day length was extended using 
high-pressure sodium lamps (Model LR48877, P.L. Systems, Grimspy, ON, Canada). The shorter 
photoperiods were attained by shading with neutral density shading cloth. For each photoperiod 
treatment, a wooden frame was installed to facilitate the shading. Efforts were made to ensure 
that no light would leak into the shaded space in the shorter photoperiod treatments. The 
photoperiod setting was adjusted weekly based on the calculated photoperiod for each of the four 
latitudes. The soil volumetric water content was monitored using a Delta-T ML2x probe and 
HH2 moisture meter (Delta-T Devices, Cambridge, UK). Soil volumetric water content was 
maintained between 60% and 75% of the field capacity for the high moisture treatment and 




The experiment was carried out for two growing seasons, November 1st to April 16th, 2016/17 
(emulating the natural environmental conditions of June 7th to November 20th) and November 1st 
to May 15th, 2017/18 (emulating the natural environmental conditions of April 26th to November 
7th).  The emulated natural dates were used in the subsequent presentations of the paper. 
Temperature adjustments were synchronized with the adjustments of photoperiod based on the 
weekly averages of hourly temperatures in the past ten years for each of the latitudes 
(Environment Canada records for Thunder Bay, ON). The daily temperature in each greenhouse 
was ramped at 6-hour set points. I fertilized seedlings in three phases, during which the fertilizer 
solution contained 33 mg N L−1, 73 mg P L−1 and 55 mg K L−1 for the establishment phase (June 
7 to June 21 in the first growing season and April 26 to May 25 in the second growing season); 
100 mg N L−1, 60 mg P L−1, 150 mg K L−1, 80 mg Ca L−1, 40 mg Mg L−1 and 60 mg S L−1 for the 
fast-growing phase (June 22 to August 31 and May 26 to August 31 for the growing seasons), 
and of 33 mg N L−1, 44 mg P L−1 and 83 mg K L−1 for the hardening phase (September 1 to 25) 
(Landis 1989, Jacobs and Landis 2009). 
After being cold hardened at the end of the first growing season, seedlings were stored in walk-in 
cold storage at -4°C. The seedlings were covered with plastic sheets to avoid desiccation during 
the storage. The seedlings were transferred into larger pots (18 cm in height, 16 cm top- and 14 
cm bottom-diameter) in the second growing season. 
3.3.4 Measurements 
Chlorophyll fluorescence and foliar gas exchange measurements 
Foliar gas exchange was measured in July and again in August, and chlorophyll fluorescence 




selected from each treatment-replication combination for the measurements. A healthy and fully 
expanded leaf (8th or 9th from the top) was measured. Gas exchange was measured using a PP-
Systems CIRAS-3 open gas exchange system with PLC3 Universal Leaf Cuvette (PP Systems, 
Amesbury, MA). The measurements were made at 22 °C air temperature, 50% RH, 800 μmol m–
2s–1 PAR and sequentially at the following [CO2]: 400, 300, 250, 200, 150, 100, 50, 400, 450, 
550, 650, 750, 850, 1000, 1200, 1500, and 1800 μmol mol−1 CO2. The measurements were 
carried between 8:00 AM and 3:00 PM when tests showed gas exchange measurements were 
relatively stable. The net photosynthetic rate at growth [CO2] (Pn) and Pn at the ambient [CO2] 
(Pn400) were extracted from the A/Ci data for each sample tree. Stomatal conductance (gs), 
transpiration rate (E), instantaneous water use efficiency (iWUE), and intercellular/ambient 
[CO2] ratio at the corresponding growth [CO2] were used for subsequent analyses and 
presentations.  
Maximum (Fm) and minimum (Fo) fluorescence yields of dark-adapted leaves were measured 
prior to the gas exchange measurement using a Hansatech FMS-2 portable pulse-modulated 
fluorometer (Hansatech Instruments Ltd. Norfolk, UK) on the same leaf on which the gas 
exchange was measured. The leaves were dark-adapted for at least 40 minutes for this 
measurement. The potential maximum quantum efficiency of photosystem II (PSII) was 
determined as (Fm – Fo)/Fm. 
Growth and biomass allocation 
I selected three seedlings from each treatment and replication combination at the end of the 
second growing season for height and root collar diameter (RCD) measurements. The sample 




number of leaves per tree were determined using the Regent Instruments WinFolia system 
(Quebec, Canada). Roots were washed clean. The dry mass of leaf, stem, and root was 
determined after being oven-dried at 80°C for 48 hours. The following variables were 
determined: specific leaf area (SLA = total leaf area / total leaf dry mass), leaf area ratio (LAR = 
total leaf area /total seedling dry mass), leaf mass ratio (LMR= leaf mass/seedling dry mass), 
stem mass ratio (SMR= stem dry mass/ total seedling dry mass), root mass ratio (RMR= root dry 
mass/total seedling dry mass), and root to shoot ratio (RSR= root dry mass/ total leaf and stem 
dry mass).  
A/Ci curve fitting  
The A/Ci data was analyzed using the “fitaci” function of the “plantecophys” package (Duursma, 
2015) on the R 3.5.0 software package (R Development Core Team, 2018). The “default” fitting 
method was used to estimate the maximum rate of Rubisco carboxylation (Vcmax), and the 
maximum rate of electron transport for RuBP regeneration under saturating light (Jmax) for each 
seedling (Duursma, 2015). 
3.3.5 Data Analysis  
The data were examined graphically for the normality of distribution (probability plots of 
residuals) and homogeneity of variance (scatter plots) using the R software (Version 3.5.0, R 
Development Core Team 2018) before being subjected to the analysis of variance (ANOVA). 
The effects of [CO2], photoperiod regimes, and soil moisture were all considered as having 
“fixed factors” in the ANOVA. An effect was considered significant if p ≤ 0.05. When the 
ANOVA showed a significant (p ≤ 0.05) photoperiod effect or a significant interaction, the 




All the analyses were performed using R software (Version 3.5.0, R Development Core Team 
2018). 
3.4 Results 
Growth and biomass allocation 
Seedling height generally increased with increases in photoperiod, although the difference was 
only significant between the shortest (seed origin) and the longest photoperiod (10° north of the 
seed origin) (Table 3.1, Fig. 3.1a). Low soil moisture (LSM) reduced height growth, root collar 
diameter (RCD), leaf size, and total leaf area by 32.5%, 32.5%, 49.6%, and 86.3%, respectively 
(Figs. 3.1a-d). LSM reduced leaf, stem, root, and total biomass by 95%, 101.3%, 63.6%, and 
87.8%, respectively (Table 3.1, Fig. 3.2a). However, the reduction of root biomass by LSM was 
smaller under EC than AC (39% vs. 96.1%, Fig. 2a). In relative terms, LSM reduced biomass 
allocation to stems (SMR), but increased the allocation to roots (RMR), leading to a higher root-




Table 3.1 ANOVA results (p values) for the effects of [CO2] (C), photoperiod (P), soil 
moisture (SM) and their interactions on height, root collar diameter (RCD), leaf size, total leaf 
area (Total LA), specific leaf area (SLA), leaf biomass (Leaf DW), stem biomass (stem DW), 
root biomass (root DW), leaf mass ratio (LMR), shoot mass ratio (SMR), root mass ratio 
(RMR), and shoot root ratio (SRR). The seedlings were exposed to two levels of [CO2] (400 
vs. 1000 µmol mol-1), four photoperiod regimes (at 48 (seed origin), 52, 55, and 58°N), and 
two soil moisture regimes (high vs. low). The numbers in bold are significant at <0.05. 
 
*DF=degree of freedom 





C × P 
(DF=3) 
C × SM 
(DF=1) 
P × SM 
(DF=3) 
C × P × SM 
(DF=3) 
Height 0.680 0.043 <0.001 0.438 0.262 0.662 0.553 
RCD 0.266 0.923 <0.001 0.959 0.631 0.940 0.545 
Leaf size 0.711 0.191 <0.001 0.127 0.059 0.885 0.232 
Total LA 0.463 0.159 <0.001 0.283 0.115 0.475 0.511 
SLA 0.250 0.240 0.552 0.392 0.122 0.275 0.452 
Leaf DW 0.295 0.186 <0.001 0.269 0.826 0.314 0.808 
Stem DW 0.399 0.694 <0.001 0.408 0.239 0.793 0.102 
Root DW 0.549 0.639 <0.001 0.173 0.043 0.999 0.204 
Total DW 0.435 0.875 <0.001 0.275 0.189 0.805 0.168 
LMR 0.888 0.184 0.368 0.352 0.073 0.078 0.062 
SMR 0.847 0.149 0.007 0.892 0.751 0.493 0.180 
RMR 0.998 0.118 0.024 0.096 0.376 0.773 0.815 







Figure 3.1 Mean (+SE) height growth (a), root collar diameter (RCD) (b), leaf size (c), total 
LA (d) of trembling aspen seedlings grown under two levels of [CO2] (ambient vs. elevated), 
four photoperiod regimes (at 48(seed origin), 52, 55, and 58°N) and two levels of soil moisture 
(high vs. low) for two growing seasons. Data are pooled across [CO2] and soil moisture for 
(a)-left (n =24: three seedlings with two replications per treatment, two levels of [CO2] and 
two levels of soil moisture, 3 x 2 x 2 x 2 = 24), and [CO2] and photoperiod for (a)-right, (b), 
(c) and (d) (n =48: three seedlings with two replications per treatment, two levels of [CO2] and 
four levels of photoperiod, 3 x 2 x 2 x 4 = 48), because the 3-way interaction was not 
statistically significant. Means with different letters in figure 1(a) are significantly different 
from each other based on Fisher’s Least Significant Difference post hoc test (p<0.05). 







Figure 3.2 Mean (+SE) biomass (leaf, stem, root and total) (a) and biomass allocation (root 
mass ratio: RMR, root/ shoot ratio: RSR, and shoot mass ratio: SMR) (b) of trembling aspen 
seedlings grown under two levels of [CO2] (ambient vs. elevated), and two levels of soil 
moisture (high vs. low) for two growing seasons. Data are pooled across [CO2] and 
photoperiod for ((a)-except root biomass) and (b) (n =48 (see Figure 1 for explanations)), and 
data for root biomass in (a) are pooled across photoperiod (n =24, three seedlings with two 
replications per treatment, four levels of photoperiod, 3 x 2 x 4 = 24). The minuscule letters 
indicate the interactive effect of [CO2] and soil moisture (SM). Means with different letters are 
significantly different from each other based on Fisher’s Least Significant Difference post hoc 
test (p<0.05). Significance levels:*p<0.05; **p<0.01; ***p<0.001. 
Foliar gas exchange and chlorophyll fluorescence measurements 
The photoperiod treatment did not affect the net photosynthetic rate measured at treatment [CO2] 
(Pn) in either measurement, whereas EC increased the August measurement of Pn only in LSM 
treatment. Interestingly, LSM treatment significantly increased Pn in both [CO2] treatments in 
July but only in EC in August (Table 3.2, Fig. 3.3a). However, there were no significant 
interactive effects of soil moisture and photoperiod or of [CO2], photoperiod, and soil moisture 
on any of the gas exchange parameters (Table 3.2). LSM significantly reduced stomatal 
conductance (gs), and transpiration rate (E) in all photoperiod and [CO2] treatments in July, but 
the magnitude of the effect on gs declined with increasing photoperiod in August (Table 3.2, Fig. 
3.3b & 3c). It is interesting to note that gs showed a general decreasing trend with increasing 




such a trend did not exist in seedlings grown under the LSM (Fig. 3.3b). LSM increased 
instantaneous water-use efficiency (iWUE) in both [CO2] treatments, but the effect was greater 
under EC (Fig. 3.3d). EC increased iWUE in both soil moisture treatments in July, but the effect 
was not significant in the HSM in August (Table 2, Fig. 3.3d). LSM reduced the ratio of internal 
to ambient [CO2] (Ci/Ca) in all photoperiod and [CO2] treatments (Table 3.2, Fig. 3.3e). 
The LSM treatment significantly increased the maximum rate of Rubisco carboxylation (Vcmax) 
and the maximum rate of electron transport for RuBP regeneration (Jmax) in both July and 
August, but the magnitude of increase varied with photoperiod or latitude in August (Table 3.2, 
Fig. 3.4a & 4b). The August measurements of Vcmax and Jmax showed a general increasing trend 
with increasing latitude or growing-season photoperiod in seedlings grown under LSM, but no 
such a trend was revealed in seedlings grown under HSM or in the July measurement of either 
moisture treatments (Fig. 3.4a &4b). However, the difference in Vcmax and Jmax between two 
adjacent photoperiods was not always statistically significant (Fig. 3.4). LSM significantly 
increased Jmax/Vcmax in July in both [CO2] treatments, but only in AC in the August measurement 
(Fig. 3.4c). LSM significantly decreased the net photosynthetic rate measured at the ambient 
[CO2] (Pn400) only in the 48˚N photoperiod in August, but no difference was found between soil 
moisture treatments in the photoperiods of higher latitudes (Fig.3.4d). Moreover, the August 
measurement of Pn400 was marginally lower in EC than AC, indicating a photosynthetic 
downregulation in response to EC (Table 3.2). LSM significantly increased the quantum 
efficiency of photosystem II (Fv/Fm) (Table 3.2, Fig. 3.5). EC significantly reduced Fv/Fm in the 
photoperiod regimes associated with two lower latitudes but did not significantly affect it in the 
photoperiod regimes of the two higher latitudes (Fig. 3.5). However, there were no clear trends 




Table 3.2  ANOVA results (p values) for the effects of [CO2] (C), photoperiod (P), soil 
moisture (SM) and their interactions on net photosynthesis at growth condition (Pn) and 
ambient [CO2] (Pn400), stomatal conductance (gs), transpiration rate (E), instantaneous water-
use efficiency (iWUE), maximal rate of Rubisco carboxylation (Vcmax), maximal RuBP 
regeneration rate (Jmax), internal to ambient CO2 concentration ratio (Ci/Ca) and the maximum 
quantum efficiency of PSII (Fv/Fm). The seedlings were exposed to two levels of [CO2] (400 
and 1000 µmol mol-1), four photoperiod regimes (at 48.38°N (seed origin), 51.68°N, 54.98°N, 
and 58.28°N), and two soil moisture regimes (high soil moisture (75%v to 45%v) and low soil 
moisture (20%v to 10%)). The numbers in bold are significant at <0.05. 
 
 





C × P 
(DF=3) 
C × SM 
(DF=1) 
P × SM 
(DF=3) 
C × P × SM 
(DF=3) 
Pn July 0.171 0.817 0.005 0.458 0.305 0.404 0.991 
  August 0.014 0.213 0.002 0.357 0.001 0.113 0.399 
gs July 0.806 0.341 0.001 0.932 0.687 0.242 0.922 
  August 0.495 0.343 <0.001 0.918 0.169 0.046 0.311 
E July 0.455 0.452 <0.001 0.821 0.496 0.357 0.976 
  August 0.401 0.187 <0.001 0.311 0.880 0.271 0.687 
iWUE July 0.002 0.849 <0.001 0.438 0.017 0.063 0.664 
  August 0.075 0.799 <0.001 0.604 0.001 0.677 0.991 
Vcmax July 0.792 0.368 <0.001 0.317 0.735 0.444 0.777 
  August 0.092 0.022 <0.001 0.083 0.342 0.004 0.051 
Jmax July 0.613 0.552 <0.001 0.448 0.835 0.304 0.608 
  August 0.847 0.315 <0.001 0.302 0.577 0.043 0.289 
Jmax/Vcmax July 0.201 0.410 <0.001 0.117 0.272 0.486 0.505 
  August 0.137 0.186 0.030 0.328 0.022 0.761 0.551 
Pn400 July 0.155 0.860 0.259 0.623 0.110 0.494 0.948 
  August 0.060 0.013 0.265 0.176 0.120 0.043 0.213 
Ci/Ca July 0.138 0.799 <0.001 0.582 0.138 0.597 0.488 
  August 0.114 0.513 <0.001 0.240 0.286 0.318 0.498 
Fv/Fm August 0.648 0.015 <0.001 0.003 0.168 0.258 0.988 






Figure 3.3 Mean (+SE) in situ rate of net photosynthesis (Pn) (a), stomatal conductance (gs) 
(b), transpiration rate (E) (c), instantaneous water-use efficiency (iWUE) (d), and Ci/Ca of 
trembling aspen seedlings grown under two levels of [CO2] (ambient vs. elevated), four 
photoperiod regimes (at 48 (seed origin), 52, 55, and 58°N) and two levels of soil moisture 
(high vs. low). Data are pooled across [CO2] and photoperiod for (a)-left, (b)-left, (c), (e) (n 
=48 (see Figure 1 for explanations)), photoperiod for (a)-right, (d) (n =24 (see Figure 2 for 
explanations)), and [CO2] for (b)-right (n =12: three seedlings with two replications per 
treatment, and two levels of [CO2], 3 x 2 x 2 = 12). The measurements were carried out in July 
(left panel) and August (right panel). The minuscule letters indicate the interactive effect of 
photoperiod (P) × soil moisture (SM) and the majuscule letters indicate the interactive effect of 
[CO2] × soil moisture (SM). Means with different letters are significantly different from each 
other based on Fisher’s Least Significant Difference post hoc test (p < 0.05). Significance 






Figure 3.4 Mean (+SE) maximum rate of Rubisco carboxylation (Vcmax) (a), maximum rate of 
electron transport for RuBP regeneration (Jmax) (b), Jmax / Vcmax ratio (c) and net photosynthetic 
rate at ambient [CO2] (Pn400) (d) in trembling aspen seedlings grown under two levels of [CO2] 
(ambient vs. elevated), four photoperiod regimes (at 48(seed origin), 52, 55, and 58°N) and 
two levels of soil moisture (high vs. low), measured in July (left panel) and August (right 
panel). Data are pooled across [CO2] and photoperiod for (a)-left, (b)-left, (c)-left (n =48(see 
Figure 1 for explanations)), [CO2] for (a)-right (b)-right (n =12 (see Figure 3 for 
explanations)), photoperiod for (c-right) (n =24 (see Figure 1 for explanations)), and [CO2] for 
(b)-right and (d)-right (n =12 (see Figure 3 for explanations)). The minuscule letters indicate 
the interactive effect of photoperiod × soil moisture (SM) and the majuscule letters indicate the 
interactive effect of [CO2] × of soil moisture. Means with different letters are significantly 
different from each other based on Fisher’s Least Significant Difference post hoc test (p<0.05). 






Figure 3.5 Quantum efficiency of photosystem II (Fv/Fm) (mean+ SE) of trembling aspen 
seedlings grown under two levels of [CO2] (ambient vs. elevated), four photoperiod regimes 
(at 48(seed origin), 52, 55, and 58°N) and two levels of soil moisture (high vs. low) for two 
growing seasons. Data are pooled across [CO2] and photoperiod for (left) (n =48 (see Figure 1 
for explanations)), soil moisture for (right) (n =12, three seedlings with two replications per 
treatment, and two levels of soil moisture, 3 x 2 x 2 = 12). The minuscule letters indicate the 
interactive effect of [CO2] × photoperiod. Means with different letters are significantly from 
each other based on Fisher’s Least Significant Difference post hoc test (p<0.05). Significance 
levels: **p<0.01; ***p<0.001. 
 
3.5 Discussion 
The main effects of [CO2] and photoperiod, and their interaction were not significant sources of 
variation for most of the growth and biomass variables. The lack of treatment effect on those 
variables was similar to the results of some other studies where trees were exposed to elevated 
[CO2] under different photoperiods (Johnsen and Seiler 1996, Newaz et al. 2016, 2017). 
However, in the present study, the root biomass of water-stressed seedlings grown under the 
elevated [CO2] was greater than that of seedlings that were water-stressed under the ambient 
[CO2]. The consequent increase in water uptake capacity should ameliorate the negative effects 
of water stress (Wullschleger et al. 2002). With the predicted increase in the frequency and 
severity of water stress in many regions of North America (Pachauri et al. 2014), elevated [CO2]-




at dry sites, particularly for water stress-sensitive species like trembling aspen (Populus 
tremuloides Michx.) (Perala 1990; Peterson and Peterson 1992). 
The height growth of trembling aspen seedlings generally increased with increasing photoperiod. 
This result is in agreement with other studies (Oleksyn et al. 1992, Johnsen and Seiler 1996). The 
higher height growth at longer photoperiod, particularly longest photoperiod at 58˚N latitude, 
was likely attributable to the longer time periods of photosynthesis as well as longer growing 
season due to delays in growth cessation (Farmer 1993). The longer hours of photosynthesis and 
increased efficiency of light energy conversion into biomass under a longer photoperiod regime 
have been reported as major contributors to the increased growth of white spruce (Picea glauca 
(Moench) Voss) (Stinziano and Way 2017). Indeed, the cessation of height growth occurred later 
in the longer photoperiod regime of 58˚N latitude than the shorter photoperiod regimes in this 
study (Inoue et al., unpublished). The rate of height growth is an important determinant for the 
survival of pioneer species and frequently used as an indicator of fitness (Ying and Yanchuk 
2006). A higher rate of height growth during the juvenile stage would give a species advantages 
in its competition for resources, particularly light (Ying et al. 1985, Simard 1992). Trembling 
aspen is a fast-growing species that is very intolerant of shade (Burns et al. 1990) and having a 
faster rate of height growth than its competition species may be critical for winning the 
competition and surviving at new locations if it migrates. However, the stimulation of height 
growth by longer photoperiods may diminish as the canopy of the young forest closes (Merritt 
and Kohl 1982, 1983, Burdett and Yamamoto 1986). But this should not reduce the significance 
of the effect to dominate trees because they are not shaded by neighboring trees, and they are the 
future of the forest stand. However, what is interesting but unknown is whether the effects of 




(2005) have pointed out that increased height growth may increase trees’ vulnerability to water 
stress because hydraulic resistance for water transport from roots to leaf increases with tree 
height.  
My results indicate that morphological acclimation was the primary mechanism of acclimation to 
low soil moisture conditions in trembling aspen. The seedlings grown under the low soil 
moisture had a higher rate of photosynthesis than those grown under the high soil moisture 
condition and the effect varied with the season. The positive effect of low soil moisture occurred 
in both [CO2] treatments in July, but only in the elevated [CO2] in August. Furthermore, the 
elevated [CO2] enhanced Pn only under the low soil moisture. The increase in Pn was 
accompanied by an increase in biomass allocation to roots. Presumably, the increased proportion 
of biomass allocated to roots reduced the level of moisture stress that the seedlings experienced 
internally because the same amount of leaf area was supported by a greater amount of roots. The 
combination of higher Pn and increased biomass allocation to roots resulted in much higher 
photosynthetic water use efficiency for seedlings grown under low soil moisture, particularly 
under elevated [CO2]. Trembling aspen generally displays a poor ability to reduce the impact of 
drought by regulating stomatal conductance (Dang et al. 1997). Therefore, it is reasonable to 
conclude that morphological acclimation is the primary and effective mechanism in the response 
of trembling aspen to drought stress (Dang et al. 1997). However, it should be pointed out that a 
higher photosynthetic rate does not necessarily translate into a higher carbohydrate production. 
The lack of correlation between the whole plant productivity and leaf photosynthetic rate per leaf 
area is common (Evans 1998). For example, increases in leaf-level photosynthetic rate may often 
be achieved by increased investment of nitrogen per unit leaf area (Beadle and Long 1985). 




in leaf area, and the product of photosynthetic rate and total leaf area determines the total gross 
production of carbohydrates. 
It is interesting to note that the magnitude of gs reduction by the low soil moisture declined with 
increasing photoperiod (in the August measurement) and this trend was accompanied by the 
negative effect of longer photoperiods on gs. This interactive effect suggests that the difference in 
the productivity of trembling aspen grown on sites with different soil moisture conditions may 
become smaller if the species migrate to higher latitudes. The most likely reason for the 
reduction of gs with increasing photoperiod is likely the daily duration of transpiration. The 
primary control of water loss from plants is the aperture of stomates. In most C3 plants, stomates 
normally remain at least partially open during the day and close in the darkness of night to re-
hydrate when CO2 is not required for photosynthesis (Tallman 2004). The longer the photoperiod 
is, the longer the stomates will remain open and the more water will be lost. The water potential 
is generally the more negative during the day and the tissues get recharged with water at night. If 
the night is too short or photoperiod is too long, the tissues may not have enough time to re-
hydrate themselves because starting to lose water again the next day. Consequently, plants 
growing under a long photoperiod may suffer from physiological drought stress even when there 
is plenty of water in the soil. Indeed, the stomatal conductance in the high soil moisture treatment 
declined with increasing photoperiod in this study.  
My results suggest that the increase of photosynthesis in trembling aspen grown under low soil 
moisture was associated with an upregulation of photosynthetic apparatus. The seedlings grown 
under the low soil moisture showed significantly higher Vcmax, Jmax, and Fv/Fm than those grown 




photoperiods. This result is contrary to my expectation that the longer photoperiod would 
exacerbate the negative impact of low soil moisture. There are various strategies that plants use 
in their response to stresses, and some strategies involve shifts in leaf and whole plant 
physiology, structure, and nitrogen allocation (e.g., Zhou et al. 2016, Zait et al. 2019, Panković et 
al. 1999). Acclimation to prolonged low moisture has been associated with an increase in foliar 
nitrogen concentration in various species (e.g., Reich et al. 1999, Panković et al. 1999, Wright et 
al. 2001, Wright and Westoby 2002, Kitao et al. 2003, Aranda et al. 2005). Panković et al. 
(1999) have reported a substantial increase in the concentrations of nitrogen and soluble proteins 
and in Rubisco activity to counteract the negative effect of prolonged moisture stress. These 
increases can lead to positive photosynthetic acclimation (Kitaoka and Koike 2005). Increases in 
biomass allocation to roots, reductions in biomass allocation to leaves, and the upregulation 
photosynthetic apparatus represent a feedforward strategy in response to low soil moisture.  
In conclusion, since more frequent and longer periods of water stress are predicted in many 
regions of North America in the future (Pachauri, Allen, Barros, Broome, Cramer, et al. 2014), 
trees will need effective strategies to cope with water stress, which may hinder their 
establishment and slow-down their migration in response to climate change. My results reveal 
that morphological acclimation is likely the primary mechanism in the response of trembling 
aspen to low soil moisture, resulting in the counterintuitive physiological responses to water 
stress. Such physiological responses are further magnified by elevated [CO2] and longer 
photoperiod associated with northward migration. This paper highlights the need to contemplate 
the interactive effects of [CO2], photoperiod, and soil moisture when planning assisted migration 
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4 Chapter 4: Photoperiod, [CO2] and soil moisture interactively affect the phenology 
and growing season length of trembling aspen: a perspective for climate change-
induced tree migration 
4.1 Abstract 
Trees may migrate to higher latitudes in response to climate changes, which would expose them 
to different environmental conditions, such as [CO2], photoperiod, and soil moisture regimes. 
Changes in [CO2], photoperiod, and soil moisture regimes will likely influence the phenology 
and growth in trees. I examined the effects of [CO2] (AC: 400 and EC: 1000 µmol mol-1), 
photoperiod (corresponding to 48°N (seed origin), 52°N, 55°N, and 58°N latitude), soil moisture 
regimes (high soil moisture (HSM): 60%-75% and low soil moisture (LSM): 13%-20% of field 
capacity) and their interactions on the phenology of in trembling aspen (Populus tremuloides 
Michx.) for two growing seasons. I found that longer photoperiods delayed growth cessation, 
bud set, leaf senescence, extending the growing season and increasing height growth. LSM also 
delayed autumnal phenology, but reduced growth and the magnitudes of the effects were reduced 
by elevated [CO2]. Surprisingly, LSM also reduced seedling cold hardiness in the fall. EC 
delayed bud break but expedited leaf unfolding in the spring, and the effects were magnified by 
LSM. Significant interactions between photoperiod, [CO2] and soil moisture, as evidenced by 
their impact on phenology, cold hardiness, growth and the length of the growing season, indicate 
the complex nature of latitudinal tree migration that has been predicated under the scenario of 
climate change. Thus, it is critically important that these complicated interactions are considered 
when planning latitudinal seed transfers and predicting the natural migration of boreal trees in 




Keywords: tree migration; photoperiod; [CO2]; soil moisture: Populus tremuloides Michx.; 
growth cessation; bud set; leaf senescence; cold hardiness; bud break. 
4.2 Introduction 
Rising atmospheric CO2 concentration ([CO2]) increases temperatures and changes precipitation 
patterns (Pachauri, Allen, Barros, Broome, van Ypserle, et al. 2014), leading to the possible 
northward migration of tree species (McKenney et al. 2007). Migrating toward the north, 
however, will expose trees to different photoperiod regimes from their current location, e.g., 
longer photoperiods during the growing season and faster rates of changes in photoperiod during 
seasonal transitions (Thomas and Vince-Prue 1997). These will likely alter the timing of 
phenological events, which are major determinants of tree growth and species distribution 
(Chuine and Beaubien 2001, Chuine 2010, Way and Montgomery 2015). Also, climate change 
alters the availability of [CO2] and soil moisture (Pachauri, Allen, Barros, Broome, van Ypserle, 
et al. 2014). Past studies, however, have primarily focused on the individual effects of these 
factors (e.g., Leuzinger, Zotz, Asshoff, & Körner, 2005; Taylor et al., 2008). While a good 
understanding of individual effects is essential, changes in these factors will more likely interact 
with each other, and the interactive effects may be different from the summation of individual 
effects. This study investigated the interactive effects of photoperiod regime, [CO2] and soil 
moisture on the phenology of boreal trembling aspen in the context of climate-induced 
northward migration.  
Photoperiod is one of the critical environmental factors regulating seasonal changes in 
phenology, physiology, and growth of temperate and boreal plants (Weiser 1970, Junttila 1980, 




cold acclimation) are induced mainly by longer nights and lower temperatures (Weiser 1970, 
Jackson 2009, Fracheboud et al. 2009, Soolanayakanahally et al. 2013). These phenological 
events are generally related to the adaption of the species to the local environment, for example, 
northern populations set bud earlier and acquire higher cold hardiness than southern populations 
(Campbell and Sorensen 1973, Junttila 1982, Kozlowski and Pallardy 2002). Thus, by moving 
trees north out of their current location, trees may experience a mismatch between their 
phenology and the environment at the new site. For instance, growth cessation may be delayed, 
and the risk of frost damage may increase in early autumn (Howe, Hackett, Furnier, & Klevorn, 
1995). Further, the faster rate of photoperiod change during the summer-autumn transition at 
higher latitudes may jeopardize the proper development of cold hardiness and buds (Bigras et al. 
2001). Trees without an adequate level of cold hardiness may not survive cold winters (Welling 
et al. 1997, Li et al. 2003), or the frost-damaged buds may not be able to flush in the following 
spring (Ostry et al. 1989). On the other hand, the delay of autumnal phenology could be 
beneficial to trees in that the time period for photosynthetic carbohydrate production will be 
longer, enhancing metabolic processes and nutrient resorption of leaves during leaf senescence 
(Hoch et al. 2001) and benefiting bud break next spring (Kaelke and Dawson 2005, Regier et al. 
2010). Therefore, a good understanding of how photoperiod regimes at higher latitudes may 
affect tree growth, dormancy induction, and cold hardiness development may be critical for 
predicting the potential performance of trees at new locations in the context of climate change-
induced northward migration.  
Elevated [CO2] and soil moisture can also affect tree phenology and cold hardiness, and the 
effects can vary with species and other environmental factors (Gunderson et al. 1993). Higher 




fall in some species (Jach and Ceulemans 1999), delay leaf senescence in other species (Tricker 
et al. 2004, Taylor et al. 2008, Riikonen et al. 2008), or have no effect on their traits (Herrick and 
Thomas 2003). The interactions among different factors can complicate the prediction of trees’ 
responses and performance when several factors simultaneously. For instance, the effects of low 
soil moisture on the phenology of trees in the fall (Holland, Koller, Lukas, & Brüggemann, 2016; 
Winner & Pell, 2012) and  the development of cold hardiness (Kreyling et al. 2012) can be 
modified by changes in photoperiod and elevated [CO2]. However, the interactive effects of 
multiple factors are generally not well understood. 
Trembling aspen (Populus tremuloides Michx.) is the most abundant deciduous tree species in 
Canada’s boreal forest and has important ecological and commercial values. Populus species are 
sensitive to photoperiod, and a shortening of photoperiod can trigger the initiation of autumnal 
phenological events (Pauley and Perry 1954, Keskitalo et al. 2005). Trembling aspen is also 
sensitive to water stress (Peterson and Peterson 1992); recent severe droughts, in combination 
with other stress factors such as insects and pathogens, have resulted in large areas of trembling 
aspen decline and die-back in west-central Canada (Hogg, Brandt, & Michaelian, 2008; 
Marchetti, Worrall, & Eager, 2011; Worrall et al., 2013). The high sensitivity of trembling aspen 
forests to drought causes serious concerns for the future of deciduous boreal forests, as rising 
temperature likely leads to drier climates (Hogg & Hurdle, 1995; Hogg & Bernier, 2005).  
The main objective of this study was to investigate the phenotypic plasticity of trembling aspen 
in response to the interactions of [CO2], photoperiod, and soil moisture regimes in the context of 
climate change-induced northward migration. I hypothesize that the changes in photoperiod 




phenological events of trembling aspen, resulting in a longer growing season and more growth, 
and that low soil moisture would partially offset the delay in the development of dormancy and 
cold hardiness. I also hypothesize that photoperiod regimes at latitudes north of the seed origin in 
combination with elevated [CO2] would expedite bud break in the spring.   
4.3 Materials and Methods 
4.3.1 Plant materials 
Trembling aspen (Populus tremuloides Michx.) catkins were collected on June 9th, 2016 from 10 
free-pollinated trees in Thunder Bay, Ontario, Canada (48.38°N, 89.25°W). The catkins were air-
dried for five days at room temperature, and seeds were extracted according to Moench (1999). 
The seeds from different trees were mixed and stored in a sealed glass bottle at -4°C. 
Seeds were sown in germination trays filled with 1:1 (v/v) mixture of peat moss and vermiculite 
in a greenhouse at Lakehead University Thunder Bay campus. The day/night temperatures in the 
greenhouse were maintained at 24/14 (±2) °C, and the natural photoperiod was extended to 16h 
by using high-pressure sodium lamps (P.L. Systems, Grimsby, ON, Canada). All trays were well-
watered but not fertilized during the germination phase.  The seedlings were individually 
transplanted into pots (12 cm in height, and 12 cm and 9.5 cm in the top and bottom diameter, 
respectively) filled with a mixture of peat moss and vermiculite (7:3 v/v) 18 days after the 
completion of germination.   
4.3.2 Experimental design 
The experiment was carried out in four greenhouses at Lakehead University, Thunder Bay 




1000 µmol mol-1 (EC-elevated [CO2]) µmol mol-1), four photoperiod regimes corresponding to 
the photoperiod of 48.38°N (seed origin) (48°N), 51.68°N (52°N),  54.98°N (55°N), and 
58.28°N (58°N) latitude, and two soil moisture regimes (high soil moisture - HSM and low soil 
moisture - LSM). The experiment design was a split-split plot with the [CO2] as the main plot, 
photoperiod as sub-plot, and soil moisture as sub-sub-plot. Each of the two [CO2] treatments 
were randomly assigned to two of the four greenhouses (2 replicates for each [CO2]). The 
photoperiod treatment was nested within the [CO2] treatment, and soil moisture was nested 
within the photoperiod. 
4.3.3 Treatments and greenhouse environment controls 
The environmental conditions in each greenhouse were independently monitored and controlled 
using the Argus Titan Environment Control System (Argus Controls Systems Ltd., Surrey, BC, 
Canada). The EC was achieved with the model GEN2E gas CO2 generators made by Custom 
Automated Products Inc. (Riverside, California, USA).  The photoperiod in each greenhouse was 
set to the longest photoperiod of the four treatments: the natural light level was supplemented (on 
cloudy days, early mornings, and late evenings) and natural day length was lengthened by using 
high-pressure sodium lamps (Model LR48877, P.L. Systems, Grimspy, ON, Canada). The shorter 
photoperiods were achieved by shading. A wooden frame was installed for each photoperiod 
treatment, and neutral density shading cloth was used to block light in the shorter photoperiod 
treatments. The photoperiod setting was adjusted weekly according to the calculated photoperiod 
for each of the four latitudes. The soil volumetric water content was monitored with Delta-T 
ML2x probe and HH2 moisture meter (Delta-T Devices, Cambridge, UK) and maintained 
between 60% and 75% of the field capacity for HSM and between 13% and 20% of the field 




The experiment was run for two growing seasons, November 1st, 2016 to April 16th, 2017 
(emulating the natural environmental conditions of June 7th to November 20th) and November 1st, 
2017 to May 15th, 2018 (emulating the natural environmental conditions of April 26th to 
November 7th).  The emulated natural dates were used in the subsequent presentations of the 
paper. The temperature and photoperiod were adjusted weekly based on the weekly averages of 
the past ten years for each of the four latitudes (Environment Canada weather records, ON). The 
daily temperature in each greenhouse was ramped at 6-hour set points (averages of the past ten 
years). The fertilizer solution contained 33 mg N L−1, 73 mg P L−1 and 55 mg K L−1  in the 
establishment/early season phase (June 7 – 21 in the first growing season (first) and April 26 – 
May 25 in the second growing season (second)); 100 mg N L−1, 60 mg P L−1, 150 mg K L−1, 80 
mg Ca L−1, 40 mg Mg L−1 and 60 mg S L−1  in the rapid growth phase (June 22 to August 30 in 
the first growing season May 26 to August 30 in the second growing season); and mg N L−1, 44 
mg P L−1 and 83 mg K L−1 in the hardening phase (September 1 - 25) (Landis 1989, Jacobs and 
Landis 2009). After the completion of bud set and cold hardening in the first growing season, the 
seedlings were stored in walk-in cold storage at -4°C. The seedlings were covered with plastic 
sheets to avoid freeze-desiccation during the storage. The seedlings were transferred into bigger 
pots (18 cm in height, and 16 cm and 14 cm in top/bottom diameter) in the second growing 
season. 
4.3.4 Measurements and observations  
Growth and growth cessation 
Three seedlings were randomly selected from each treatment combination in each replication for 
weekly growth measurements. The weekly measurement of stem elongation started on Julian day 




measurements were used to develop the height growth curve for each sample tree, which was 
used to determine the timing of growth cessation. According to MacLachlan et al. (2017), the 
date of growth cessation was defined as the date when 95% of annual height increment was 
achieved, and the percentage height growth was calculated as follows: 
Height growth (%)=
cumulative height increment (cm) 
Total height increment (cm)
×100 
The height growth curve was fitted using a 3-parameter sigmoidal model in SigmaPlot 12.5 
(Systat Software Inc., San Jose, CA, USA). Due to time constraints, I only obtained height 
growth curve data in the first growing season. 
Autumn bud phenology  
The autumn bud phenology was observed at 2-day intervals from August (emulated dates) to the 
completion of bud set in the first and second growing season. The development of terminal buds 
was monitored and recorded using four scales: stage 0 = no bud formation (Figure 4.1a), stage 
1= appearance of terminal bud (Figure 4.1b), stage 2 = terminal bud in light brown color (Figure 
4.1c), and stage 3 = terminal bud fully developed and covered by dark brown scales (referred to 





Leaf senescence was observed at 4-day intervals starting from August until all leaves turned 
yellow in both growing seasons. Leaf color change and the number of leaves that turned yellow 
were assessed visually. The dates of 10% (initiation) and 100% (completion) leaf senescence for 
individual seedlings were determined from the data.  
 Electrolyte leakage test 
The electrolyte leakage method was used to determine the cold hardiness after the seedlings were 
stored at -4°C for a month at the end of each of the two growing seasons (corresponding to mid-
December of the natural season). The same seedlings were used for the phenological 
observations and cold hardiness determination. The tip of the terminal shoot from each seedling 
was cut into four 2-cm long sections and washed with distilled water (DW). Each section was put 
into a separate 50 ml falcon tube and stored at 4°C for 24h. Then, the samples were exposed to -
5°C, -15°C, -30°C and -45°C using a programmable freezer (Model: 45-6.8, Scientemp 
Corporation, Adrian, MI, USA). The freezer temperature was lowered at a constant rate of 5 °C 
 
 
Figure 4.1 A four-stage scale was used for monitoring autumn bud development. Picture (a) 
stage 0; no bud set (active growth phase), (b) stage 1; initiation of a terminal bud, (c) stage 2; 
terminal bud becoming light brown, and (d) stage 3; terminal bud fully developed and covered by 




h−1 (starting at 5 °C) and held for 1h after each 5 °C change. The samples were maintained at 
each target temperature for 1h before they were taken out of the freezer, placed in falcon tubes 
with 20 ml of DW and incubated for 24 hours at room temperature (21°C). The samples were 
well shaken before the initial electrical conductivity of the solution was measured using an 
Accumet AR 20 electrical conductivity meter (Fisher Scientific, Ottawa, Canada). The falcon 
tubes were then heated in a dry oven at 80°C for 2 hours, and the second measurement of 
electrical conductivity was taken after 24 hours at room temperature. The relative electrolyte 
leakage (REL) was calculated as follows (Zhang and Willison 1987); 
REL(%)= (  
initial conductivity 
second conductivity 
  ) ×100%       
LT50 (the temperature causing 50% REL) was estimated from a linear regression of REL with the 
target freezing temperatures (Arora et al. 1992, Boorse et al. 1998, Rapacz 2002, Morin et al. 
2007). For the ease of graphic presentation, the absolute value of LT50 was used in figure 
presentations 
Spring bud phenology 
The observation of spring phenology was conducted in the spring of the second growing season. 
Three seedlings from each treatment combination and replication were monitored at 2-day 
intervals using a five-stage scale: stage 0 = dormant (Figure 4.2a), stage1= bud open with a 
visible green tip (Figure 4.2b) (referred to as bud break hereafter), stage 2= large visible green tip 
shown (Figure 4.2c), stage 3 = green leaf emerged from bud scales with leaf bases hidden 
(Figure 4.2d) and stage 4 = leaf unfolding with very small leaves and visible petiole (Figure 




when all seedlings reached the leaf unfolding stage. Leaf unfolding time was calculated as the 
duration days from stage 1 to stage 4. 
4.3.5 Data Analysis  
The data were examined graphically for the normality of distribution (probability plots of 
residuals) and homogeneity of variance (scatter plots) using the R software (Version 3.5.0, R 
Development Core Team 2018) before being subjected to the analysis of variance (ANOVA). An 
effect was considered significant at p ≤0.05 and marginally significant at p ≤0.1. When the 
ANOVA showed a significant (p ≤0.05) photoperiod effect or significant interaction, Fisher’s 
Least Significant Difference post hoc test was used to compare treatment means. 
4.4 Results 
Growth cessation and height growth 
Growth cessation of seedlings grown in longer photoperiods corresponding to 55 and 58°N 
latitude was delayed by 5 and 6 days, respectively, as compared to 48°N photoperiod (Table 4.1; 
 
 
Figure 4.2 A five-stage scale was used for monitoring spring bud phenology. Picture (a) stage 
0; dormant bud, (b) stage 1; bud open with visible green tip (bud break), (c) stage 2; large 
visible green tip shown, (d) stage 3; green leaf emerged from the bud with leaf bases hidden, 




Figure 4.3a). Low soil moisture (LSM) delayed growth cessation by 2 days (Table 4.1; Figure 
4.3b). Total height growth showed a general increasing trend with increasing photoperiod, but 
not all the differences between adjacent treatments were statistically significant (Figure 4.4).  





Table 4.1 ANOVA results (p values) for the effects of [CO2] (C), photoperiod (P), soil 
moisture (SM) and their interactions on height increment, growth cessation, final height 
growth, autumn bud phenology, leaf senescence, spring bud phenology, and cold hardiness. 
The seedlings were exposed to two levels of [CO2] (400 and 1000 µmol mol-1), four 
photoperiod regimes (at 48°N (seed origin), 52°N, 55°N, and 58°N), and two soil moisture 
regimes (high (75%v to 45%v) and low (20%v to 10%)). The numbers in bold are at <0.1. 
Variable  Year 
C P SM C × P C × SM 
P × 
SM 
C × P × 
SM 
(*DF=1) (DF=3) (DF=1) (DF=3) (DF=1) (DF=3) (DF=3) 
Growth 
cessation  2017 0.672 0.047 0.012 0.808 0.777 0.309 0.544 
 
Final height  2017 0.202 0.035 0.002 0.718 0.247 0.558 0.661 
           
Autumn bud phenology        
Bud set 2017 0.984 0.137 0.818 0.017 0.251 0.648 0.930 
  2018 0.444 0.028 <0.001 0.171 0.911 0.538 0.897 
           
Leaf senescence         
Initiation 2017 0.324 0.054 0.084 0.181 0.107 0.575 0.748 
  2018 0.010 0.235 <0.001 0.814 0.008 0.051 0.424 
           
Duration 2017 0.356 0.217 0.229 0.622 0.573 0.215 0.494 
  2018 0.036 0.574 0.001 0.772 0.009 0.075 0.456 
           
Completion  2017 0.926 0.056 0.153 0.127 0.070 0.318 0.281 
  2018 0.159 0.116 0.001 0.892 0.477 0.666 0.879 
           
Cold Hardiness         
LT50 2017 0.535 0.003 0.397 0.042 0.501 0.992 0.876 
  2018 0.343 0.316 <0.001 0.875 0.455 0.946 0.740 
           
Spring bud phenology         
Bud break  2018 0.038 0.611 0.055 0.622 0.024 0.459 0.264 
Leaf unfolding  2018 0.067 0.275 0.797 0.112 0.009 0.168 0.980 







Figure 4.3 Mean (+SE) percentage of height growth increment. (a) photoperiod effect (n =24: 
three seedlings with two replications per treatment, two levels of [CO2] and two levels of soil 
moisture, 3 x 2 x 2 x 2 = 24) and (b) represents the effect of soil moisture (n =48: three 
seedlings with two replications per treatment, two levels of [CO2] and four levels of 
photoperiod, 3 x 2 x 2 x 4 = 48). The dashed line represents growth cessation. Growth 
cessation was defined as the date when 95% of height growth increment was achieved. The 
data were fitted with a 3-parameter sigmoidal model by using SigmaPlot 12.5 (Systat Software 
Inc., San Jose, CA, USA). Different letters above the lines of (a) indicate significant 
differences under Fisher’s Least Significant Difference post hoc test (p <0.05). The level of 






Figure 4.4 Total height by four photoperiods (at 48 (seed origin), 52, 55, and 58°N) (left) and 
two soil moisture levels (high and low) (right) in trembling aspen seedlings. Data are pooled 
across [CO2] and soil moisture for (left) (n =24 (see Figure 4.3 for explanations), [CO2] and 
photoperiod for (right) (n =48, (see Figure 4.3 for explanations). Different letters above the 
bars indicate significant differences under Fisher’s Least Significant Difference post hoc test 
(p<0.05). The level of significance is shown (*p<0.05; **p<0.01). 
Autumn bud phenology 
In the first growing season, bud set was delayed in the combined treatments of EC with longer 
photoperiods (55˚N and 58˚N) (Figure 4.5a). In the second growing season, bud set was delayed 
by ~ nine and six days, respectively in the longer photoperiods of 55 and 58˚N (Figure 4.5b) and 
by ~20 days in LSM (Figure 4.5c). 
Leaf senescence 
The onset of leaf senescence in the first growing season was delayed by ~9 days and ~14 days by 
longer photoperiods of 55˚N and 58˚N latitude, respectively (p=0.054) as compared to the seed 
origin (Table 4.1, Figure 4.6a). However, the delaying effect on the completion of leaf 
senescence was much smaller (p =0.056, Figure 4.6a), leading to a faster rate and shorter 
duration of leaf senescence at longer photoperiods or higher latitudes, particularly at 58 ˚N 
(duration about 10 days shorter than at the seed origin). The photoperiod effects, however, 




became significant on leaf senescence initiation and duration (Table 4.1). LSM significantly 
delayed the initiation but shortened the duration of leaf senescence, but the soil moisture effect 
was substantially reduced by EC (Table 4.1; Figure 4.6b). However, the completion of leaf 
senescence was only delayed by ~4 days in LSM. 
Electrolyte leakage test 
In the first growing season, LT50 generally became less negative with increases in photoperiod, 
(Table 4.1; Figure 4.7a). In the second growing season, however, the photoperiod effect on LT50 
became statistically insignificant (Table 4.1). However, LSM substantially reduced the cold 
hardiness of the seedlings in the second growing season, as indicated by the much less negative 
LT50 (Table 4.1; Figure 4.7b).   
Spring bud phenology 
EC substantially delayed bud break in the spring, and the magnitude of the delay was greater in 
LSM (delayed by ~13 days in HSM, ~18 days in LSM) (Table 4.1; Figure 4.8a). LSM delayed 
bud break only under EC (Figure 4.8a). LSM slowed down leaf unfolding under AC but not 
under EC (Table 4.1; Figure 4.8b). However, EC expedited leaf unfolding in both moisture 






Figure 4.5 Mean day of the year at each autumn bud set stage in 2017 (a1) and 2018 (b1) and 
(c1) and mean (+SE) of the day of the year at stage3 (a2) 2017, and (b2) and (c2) 2018. (a1) 
and (a2) represent the interactive effect of [CO2] and photoperiod effect (n =12: three 
seedlings with two replications per treatment, two levels of soil moisture, 3 x 2 x 2 = 12). (b1) 
and (b2) represents the effect of photoperiod (n =24 (see Figure 4.3 for explanations)). (c1) 
nad (c2) represent the soil moisture effect (n =24 (see Figure 4.3 for explanations)). Different 
letters above the lines of (a2) and (b2) indicate significant differences under Fisher’s Least 
Significant Difference post hoc test (p <0.05). The level of significance is shown (*p <0.05; 








Figure 4.6 Mean (+SE) day of the year of leaf yellowing (%) in 2017(a), and 2018 (b). Data 
are pooled across [CO2] and soil moisture (a) (n =24 (see Figure 4.3 for explanations)), and 
photoperiod for  (b) (n =24: three seedlings with two replications per treatment, four levels of 
photoperiod, 3 x 2 x 4 = 24). Different letters in the bottom of (b) indicate significant 
differences under Fisher’s Least Significant Difference post hoc test (p<0.05). The level of 




Figure 4.7 Mean (+SE) LT50 by an interactive effect of photoperiods (at 48 (seed origin), 52, 
55, and 58°N) and [CO2] (ambient and elevated) in 2017 (a) and the main effect of soil 
moisture (HSM and LSM) in 2018 (b) of trembling aspen seedlings. Data are pooled across 
[CO2] and soil moisture for (a) (n =12, (see Figure 4.5 for explanations)), [CO2] and 
photoperiod for (b) (n =48, (see Figure 4.3 for explanations)). Different letters above the bars 
represent significantly different means under Fisher’s Least Significant Difference post hoc 







Figure 4.8 Mean (+SE) day of the year at each spring bud phenology stage of trembling aspen 
seedlings in 2018 (a). Figure (b) represents the interactive effect of [CO2] and soil moisture on 
leaf unfolding time. Data are pooled across photoperiod and soil moisture for (a) (b) (n =24, 
(see Figure 4.6 for explanations)) because of the lack of significant effect (p >0.05). Different 
letters in the bottom (a) and above the bars (b) represent significantly different means under 
Fisher’s Least Significant Difference post hoc test (p <0.05). Significance levels (as significant 
levels; *p <0.05) were indicated on the top. 
4.5 Discussion 
My results support the hypothesis that longer photoperiods increase growth but delay autumnal 
phenological events/processes. The two longest photoperiod regimes in this study delayed 
growth cessation in the fall by 5-6 days, bud set by 6-9 days, and the initiation of leaf senescence 
by 9-14 days, leading to an extended growing season and greater growth. These results suggest 
that the fall phenology of trembling aspen is probably triggered by a critical photoperiod and that 
the critical photoperiod is probably coded genetically which will not change when a population 
migrates or is moved to a new location with a different photoperiod regime. This conclusion 
agrees with the findings of Brissette & Barnes (1984), Frewen et al. (2000) and Howe et al. 
(1995). Other researchers have also concluded that photoperiod is the key environmental factor 
determining the initiation of the autumnal phenological processes in Populus spp. (Pauley and 




(Junttila & Kaurin 1990) and Betula pedula (Viherä-Aarnio et al. 2005) also show delayed 
growth cessation in the fall when grown at higher latitudes than the seed origin. A long-term (10 
years) field study has demonstrated that trembling aspen grows faster when it is grown at 7° 
north of the seed origin (Schreiber et al. (2013). It is interesting to note that in the present study, 
the delay in bud set under photoperiods at higher latitudes (55 and 58˚N) only occurred under 
elevated [CO2] in the first growing season. This interactive effect may reflect the effect of 
elevated [CO2] on the production and accumulation of carbohydrates (Ainsworth and Long 2005) 
and the effect of carbohydrate concentration on bud set (Ruttink et al. (2007). While the delay in 
autumn phenology and subsequent extension of the growing season promote growth when trees 
migrate to higher latitudes (Thomas and Vince-Prue 1997), such migration may also increase the 
risk of frost injuries if it also delays or jeopardize the proper development of cold hardiness 
(Howe, Saruul, Davis, & Chen, 2000). Indeed, longer photoperiods reduced cold hardiness in 
this study (significant only in the first growing season). Additionally, frost-damaged buds and 
reduced leaf nitrogen resorption due to delays in leaf senescence may prevent bud break in the 
following spring and make trees more susceptible to pest attacks (Ostry et al. 1989). Repeated 
damages will reduce the vigor and growth of trees (Zalasky 1976).  
Surprisingly, low soil moisture delayed the onset of autumnal phenology and reduced cold 
hardiness in trembling aspen. Low soil moisture delayed the initiation of growth cessation but 
expedited the process of leaf senescence, leading to a shorter duration of the growth cessation 
process. It also delayed bud set by as much as 20 days. However, although the seedlings retained 
green leaves longer in the season in the low soil moisture treatment, the seedling height growth 
was decreased, and low soil moisture effect was counteracted by elevated [CO2]. The delay in 




some previous studies. For instance, Holland et al. (2016) found that water stress treatment 
induces the onset of leaf senescence in Quercus pubescens about one month earlier in a 
greenhouse experiment. Similarly, water deficit, along with higher temperature, has resulted in 
earlier leaf senescence in Betula pendula (Juknys et al. 2012). However, My findings appear to 
be supported by several other studies (Vander Mijnsbrugge et al. 2016, Arend et al. 2016, 
Čehulić et al. 2019). The result that low soil moisture reduced the cold hardiness is also contrary 
to my hypothesis and other studies on the effect of water stress on cold hardiness. For instance, 
Kreyling et al. (2012) found increases in cold hardiness in Pinus nigra following summer 
drought. The decrease of cold hardiness in low soil moisture was possibly associated with the 
delay of phenological events by low soil moisture as discussed earlier. The effect of low soil 
moisture increased in the second growing season. It can be reasonably assumed that the water 
stress was severer in the second growing season since the water stress increase with tree size by 
increasing gravity and hydraulic resistance (Koch and Fredeen 2005). The lower cold hardiness 
(LT50 below -37 oC) due to low soil moisture would increase freezing damage and tree mortality 
in extremely cold winter. A possible explanation for the delay in the present study could be the 
recovery process from severe water deficit during summer. Plants use various chemical signals 
(e.g., reactive oxygen species and plant hormones such as abscisic acid) to induce tolerance 
under water stress (Xu et al. 2010), which are also crucial for autumnal phenology induction 
(Woo et al. 2013). These chemicals decrease when water stress is reduced as a part of the 
recovery process, leading to a delay in induction of autumnal phenology (Xu et al. 2010, Vander 
Mijnsbrugge et al. 2016). Although my low soil moisture treatment continued during autumn, I 
postulate that along with temperature reduction from summer to autumn, the severity of water 




process, causing the observed delay. 
The cold hardiness of aspen seedlings showed a decreasing trend with increasing photoperiod, 
and the photoperiod effect was reduced by elevated [CO2]. The reduction in cold hardiness was 
accompanied by delays in leaf senescence, growth cessation, and bud set. The cold hardening 
process is initiated by short days or a combination of short days and cooler temperatures (Bigras 
et al. 2001), but the development of cold hardiness is complex and influenced by many factors, 
including the speed of acclimation after the first stage of cold hardiness occurs (Greer et al. 
1989). Despite the changes in cold hardiness, aspen seedlings in all photoperiods and [CO2] 
levels were sufficiently hardy (LT50  below -50 oC) to withstand the cold winter in the Canadian 
boreal forest region (Black et al. 2005, Gusta et al. 2009). The influence of photoperiod on cold 
hardiness, however, disappeared in the second year measurement. The difference of the effect of 
photoperiod in each year may be in part due to the different age of trees (Lim et al. 2014). 
Especially seedling stage is the most vulnerable to cold injury (Howe et al., 2003). 
Surprisingly, elevated [CO2] delayed bud break but expedited leaf unfolding in the spring, and 
the effect was magnified by the low soil moisture treatment. The results of CO2 effects on tree 
phenology in the literature vary with tree species and studies. Elevated [CO2] do not affect bud 
break of Populus spp in some studies (e.g., Populus trichocarpa (Sigurdsson 2001) and Populus 
× euramericana (Calfapietra et al. 2003)) but delayed spring bud break of Populus clones in 
other research (Ceulemans et al. 1995). The delay I found was quite significant compared to the 
other studies. Delays in leafing out in the spring can have a negative impact on the 
competitiveness of pioneer tree species such as trembling (Lechowicz, 1984). However, it is not 




In summary, photoperiod regimes associated with a northward migration significantly affected 
autumnal phenological events/processes in trembling aspen, such as delays in growth cessation, 
bud set, and leaf senescence that led to longer growing season. The consequent increases in 
height growth may provide trembling aspen competitive advantages with other species.  Height 
growth is recognized as an important trait for survival and frequently used as a measure of fitness 
(Ying and Yanchuk 2006), especially in the juvenile stage when a greater height will be 
advantageous in competition for light (Burns et al. 1990). Having a faster rate of height growth is 
crucial for the survival of pioneer species as trembling aspen (Ying and Yanchuk 2006). 
However, the delays in growth cessation and bud set can lead to delays in dormancy and cold 
hardiness development and expose trees to greater risks of frost injury. Moreover, other factors 
may constrain or offset the positive effect of longer photoperiod on growth. For instance, 
elevated [CO2] delayed bud break in the spring, shortening the growing season. If northward 
migration is accompanied by reduced soil moisture as predicted for many parts of the boreal 
forest (Pachauri, Allen, Barros, Broome, van Ypserle, et al. 2014), the interactions between 
elevated [CO2], longer photoperiod, faster rate of its change and drier soil moisture can have 
detrimental effects on trees, particularly on frost resistance and frost damages. Therefore, 
changes in photoperiod, [CO2] and soil moisture should be considered when planning latitudinal 
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5 Chapter 5: General discussions  
5.1 Summary of the study 
The objective of my thesis was to investigate the interactive effect of soil moisture, photoperiod, 
and [CO2] on trembling aspen responses including physiology, morphology, and phenology in 
the context of the northward migration. In the face of rapid climate change predicted by 
Intergovernmental Panel on Climate Change (IPCC), trees must either adapt to the change or 
migrate to new locations or, in the worst-case scenario, go extinct (Aitken et al. 2008). 
McKenney et al. (2007) have assessed the potential impact of climate change on the distribution 
of approximately 130 tree species in North America and suggested an average northward 
migration of the climate habitat for these tree species of roughly 1000 km by 2100. Natural 
and/or human-assisted migration to higher latitudes will expose trees to different photoperiods 
from what they are adapted to (Howe et al. 2003), which would affect tree growth and survival. 
These photoperiod influences may have complex interactive effects with other predicted 
environmental factors, such as higher [CO2] elevation and drier soil moisture. I strived to 
understand how soil moisture, photoperiod, and [CO2] would influence the potential northward 
migration of trembling aspen in response to climate change. In this chapter, I summarize the key 
findings of each chapter, synthesize the results and discuss the limitations of the study.  
Chapter 2: Height growth increase but cavitation resistance decreases in photoperiod at 
higher latitude under elevated [CO2]    
The results of Chapter 2 highlight the importance of incorporating the vulnerability to cavitation 
in predicting the northward migration of trembling aspen. I found that trembling aspen seedlings 




when they migrate up to 10˚ north of their seed origin. However, drier soil conditions would 
offset height growth and total biomass productivity. Trembling aspen would become more 
vulnerable to drought stress because their resistance to xylem cavitation would decline with 
increasing photoperiod at higher latitudes under future [CO2]. My results indicate that moving 
trembling aspen more than 7˚ northward could increase the risk of catastrophic hydraulic failure, 
resulting in more trembling aspen dieback or even tree mortality. Droughts are predicted to be 
frequent and more severe in the future in some parts of Canada (Pachauri, Allen, Barros, 
Broome, van Ypserle, et al. 2014). Therefore, any reduction in cavitation resistance at a higher 
latitude would hinder the northward migration of the species. The results indicate the existence 
of a possible threshold change in photoperiod beyond which the decline in the resistance xylem 
cavitation would cause catastrophic hydraulic failure. However, the study was conducted on 
young seedlings and the results may have limited implications to older trees in the field. 
Nevertheless, the seedling stage is the most important in the establishment of forest trees and 
seedlings are more vulnerable to environmental stresses (Grossnickle and Folk 1993, Close et al. 
2005). 
Chapter 3: The counterintuitive physiological responses to water stress indicate the critical 
and predominant role of morphological acclimation responding to low soil moisture 
The results in Chapter 3 indicate that, apart from [CO2] or photoperiod effects, the predicted 
drier soil conditions in many regions of North America (Pachauri, Allen, Barros, Broome, van 
Ypserle, et al. 2014) might be a dominant limiting factor to the productivity of trembling aspen. 
A significant finding of this chapter is that morphological acclimation was the primary 
mechanism for trembling aspen in its response to low soil moisture. The increased root mass 




same amount of roots supported a smaller amount of leaves, resulting in an increase in Pn. The 
combination of higher Pn and increased biomass allocation to roots resulted in much higher 
photosynthetic water use efficiency for seedlings grown under the low soil moisture, particularly 
under the elevated [CO2]. Further, the increase of photosynthesis in trembling aspen grown under 
low soil moisture was associated with an upregulation of photosynthetic apparatus as indicated 
by higher Vcmax, Jmax, and Fv/Fm. I also found that low soil moisture increased Vcmax and Jmax 
under longer photoperiod, which indicate that longer photoperiod may improve acclamatory 
response to low soil moisture. However, under high soil moisture, longer photoperiod decreased 
gs, which suggest that the northward migration may induce water stress at the new locations. 
Chapter 4: Projected drier soil constraints tree phenology associated with photoperiods at 
higher latitudes and future higher [CO2]  
The results of Chapter 4 reveal that both longer photoperiod and low soil moisture can delay the 
autumnal phenology of trembling aspen. Such delays under the longer photoperiod treatments 
increased height growth. Higher height growth is especially beneficial for pioneer tree species 
such as trembling aspen at the juvenile stage when competition for light is severe. However, the 
delay of autumnal phenology by longer photoperiods and low soil moisture was accompanied by 
lower cold hardiness, indicating that the trees may become more vulnerable from frost injury 
during the winter at higher latitudes (McKenney et al. 2007) or under the projected drier soil 
condition (Pachauri, Allen, Barros, Broome, van Ypserle, et al. 2014). Despite the decrease of 
cold hardiness due to longer photoperiods, the LT50 was still below -50 oC in all the treatment 
combinations and this level of cold hardiness may be sufficient for the trees to survive the cold 
temperatures during the winter in the boreal forest region of Canada (Black et al. 2005, Gusta et 




hardiness, with LT50 of only about -37˚, and thus trees growing on dry sites could suffer much 
greater damages from cold temperatures. Furthermore, [CO2] elevation delayed bud break in the 
spring. Such a delay could potentially prevent seedlings from taking advantage of the better light 
conditions before taller trees leaf out and reduce the competitiveness of the species  (Lechowicz 
1984).  
Limitations of the research  
The study was conducted on young seedlings under controlled environmental conditions. 
Therefore the results may not be directly applicable to large trees grown in the field since eco-
physiological responses vary with tree ontogeny and the environmental conditions in the field are 
highly variable. Sperry et al. (1991) have discovered that embolism occurs more often in older 
vessels than young ones since bordered pit membranes can deteriorate with age and older vessels 
have larger sized pit-membranes. Thus, cavitation resistance in larger trees is likely less than 
what is reported in this thesis. The seedling height growth was greater under longer photoperiods 
in both growing seasons in this study. However, the net effects were small and may not last 
(Merritt and Kohl 1982, 1983, Burdett and Yamamoto 1986). Therefore, the results should be 
interpreted with caution. Nonetheless, the growth and mortality play a key role in determining 
the fate of juvenile trees during natural regeneration (Harcombe 1987, King 1990).  
Pot size can restrict root growth and function in plants. I used rather large pots in this study, 
particularly in the second growing season. However, because pots have walls on the side and 
limited depth and the growing media have very different physical and chemical properties, the 
below-ground growing environment is different from that at a natural forest site. The responses 




the field (Curtis and Wang 1998, Norby et al. 1999). Thus, the results may not be directly 
applicable to trees grown in the field. Further studies in the field are warranted. However, the 
application of treatments is very challenging in the field. 
5.2 Synthesis and conclusions  
This study has provided valuable insights towards improving our understanding of the interactive 
effects of soil moisture, photoperiod and [CO2] on trembling aspen (Populus tremuloides 
Michx.) in the context of climate change-induced northward migration. It is the first research 
investigating the interactive effects of soil moisture, photoperiod, and [CO2] on trembling aspen. 
The findings of this study highlighted the importance to contemplate the interactive effects of 
soil moisture, photoperiod, and [CO2] when assessing potential natural northward migration, 
planning human-assisted migration and projecting the future distribution of boreal forests. In 
addition to temperature, future distribution of boreal trees will depend on the interplay between 
multiple environmental and edaphic factors, thus parameters for future model predictions should 
consider these factors. 
5.2.1 Synthesis of the study 
Northward migration enhances tree growth, but delays phenological processes and increases 
the risk of frost injury coupled with low soil moisture and future [CO2]  
Northward migration induces higher height growth associated with different photoperiod regimes 
at the new locations (Chapter 2, 3 &4). The higher height growth is perhaps due to the lower 
photoperiod threshold of the seed collected from Thunder Bay (48.38°N, 89.25°W), which 
resulted in a longer growing season (Chapter 4). The longer growing season is a consequence of 




and would have advantages for trembling aspen and would promote northward migration. Even 
small extensions of the growing season would increase net carbon fixation and overall tree 
growth. Height growth is recognized as one of the important traits for tree survival and 
frequently used as a measure of fitness (Ying and Yanchuk 2006). The height growth represents 
the tree’s capacity for competition, which is one of the most important fitness components (Ying 
and Yanchuk 2006). Especially in the juvenile stage, the higher height growth can provide 
advantages when competing for resources such as light (Simard 1992). Particularly, for fast-
growing species, including trembling aspen which is known as a shade-intolerance species 
(Burns et al. 1990), having higher height growth is crucial for survival at new locations. 
Simultaneously, however, by migrating trembling aspen toward the north, the risk of frost injury 
would increase by delaying bud set and leaf senescence (Chapter 4). Frost-damaged buds and 
frost damaged-leaves during leaf senescence would prevent a bud break in the following spring 
and cause trembling aspen to become susceptible to pest attacks (Ostry et al. 1989). If trembling 
aspen experiences these damages annually, its performance, such as vigor and growth, would be 
lowered (Zalasky 1976). Furthermore, elevated [CO2] caused a substantial delay in spring bud 
break, which could be exacerbated by drier conditions (Chapter 4). Therefore, the potential 
benefit of using seeds from southern latitudes could be eventually offset by frost injury and 
delays in bud break associated with the northward migration and future [CO2], leading to dieback 
or mortality at higher latitudes, which would potentially hinder trembling aspen’s northward 
migration. The delay in bud break under elevated [CO2] that could potentially lead lower growth 
performance reported here may conflict with the earlier findings of other studies which suggest 
that trembling aspen increases their growth resulting in competitive abilities enhancement under 




The responses of trembling aspen to projected lower soil moisture and drought events in the 
future would be altered by photoperiod at higher latitudes and future [CO2] 
The theory that the positive effect of a northward migration on height growth will be constrained 
by severe water stress is supported by the findings of this thesis (Chapter 2, 3 &4) and that of 
Hogg et al. (2008). If trembling aspen moves northward by more than 7o, the results of this study 
suggest that it will become more vulnerable to cavitation, particularly under elevated [CO2] 
(Chapter 2). The results suggest that there may be a threshold in terms of how far trembling 
aspen can be moved safely to higher latitudes and this threshold will likely be reduced if the 
frequency and severity of drought increase, as some studies have predicted in parts of the boreal 
forests (Pachauri, Allen, Barros, Broome, van Ypserle, et al. 2014). However, trembling aspen is 
less vulnerable to xylem cavitation than other poplar species (Lieffers et al. 2001). Since 
morphological acclimation is the primary mechanism in the response of trembling aspen to 
drought stress (Chapter 3) (e.g., Dang et al. 1997), trembling aspen may actually experience less 
severe drought stress physiologically and suffer less from hydraulic failure than other poplar 
species. Interestingly, the physiological and/or morphological acclimation to water stress can be 
stimulated by [CO2] elevation and longer photoperiod (Chapter 3).  
Past studies suggest that longer photoperiod and elevated [CO2] may increase vessel/tracheid 
conduit diameter (Larson 1962, Kostiainen et al. 2014) and the total area of pits in the conduit, 
which is inversely related to cavitation resistance (Hacke and Sperry 2001, Tyree and 
Zimmermann 2002, Cai and Tyree 2010). Therefore, the lower cavitation resistance in longer 
photoperiods and elevated [CO2] (Chapter 2) may be due to an increase in vessel diameters and 
total pit area. If this is true, the larger vessel diameter associated with longer photoperiod and 




winter and spring (Davis et al. 1999, Venturas et al. 2017), which can lead to tree dieback (Cox 
and Malcolm 1997), and reduced growth and survival, further hindering the northward migration 
of the species. In fact, the connection between tree dieback and freeze-thaw events is reported by 
Zhu et al. (2000). Thus, further research should be undertaken to investigate the interactive effect 
of photoperiod and [CO2] on xylem structure and xylem resistance to freeze-thaw induced 
cavitation.  
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